炭素繊維シート補強RC床版の力学的挙動に関する研究 by Park, Hae-geun
Title
MECHANICAL BEHAVIOR OF REINFORCED







Type Thesis or Dissertation
Textversionauthor
Kyoto University
MECHANICAL BEHAVIOR OF REINFORCED CONCRETE 




I would like to express my sincere and profound gratitude to Dr. Koichi Ono, Professor 
of Department of Civil System Engineering at Kyoto University for his invaluable 
advice and encouragement during the doctoral course. His flexible ideas and rich 
scholarship were a matter of great importance for thi research. I would like to bestow 
my best respect to his dedications to this dissertation. 
I am also deeply indebted to Professor Takeshi Tamura and Profes or Toyoak.i 
Miyagawa of Kyoto University for their advice and review of this dissertation. 
I acknowledge the support from the Nippon oil Co.,Ltd, Konishi Co.,Ltd and Sunkit 
Co.,Ltd. I am indebted to all my colleagues and juniors of Composite Structural Design 
Laboratory at Kyoto University, for their warm affection to daily life in Japan. 
I wish to express my appreciation and gratitude to Professor Young-Shik Shin, Professor 
Young-Bong Kwon, Professor Hyug-Moon Kwon, Professor Kwang-Sung Woo and 
Professor Jae-Hoon Lee, professors of Yeung Nam University, Korea. 
Sincere thanks also go to Professor Soon-Tak Lee and Professor Hong-Kee Jee of 
Yeung r~am University, Professor Chung-Bang Yoon and Professor Jin-Keun Kim of 
KAIST, for their encouragement. 
I acknowledge the useful help and encouragement from Dr. S.W. Kim of KICT, 
Professor K.H. Park and Professor J.K Seo of Kyung dong college, Professor J.H Kim 
of An Yang university, Professor Y.S. Park of AIT, Korea, Mr. S.Y. Bae, Dr. J.Y. Song 
and Mr. H.S.Son of Yeung Nam University, and Mr. D.G. Park of Yokohama National 
University. 
I also appreciate the financial assistance from the International Rotary foundation , and 
special thanks go to Mr. Koichiro Kitaoku who was my counselor. 
Finally, I am deeply grateful to all members of my families including my parents for 
their warm encourage and support during the stay in Japan and to my wife Ju-Hee, my 
daughter Hae-Jin for their understanding and encouragement. 
CONTENTS 
ACKNOWLEDGEMENT 
Chapter 1 INTRODUCTION 
1.1 GENERAL REMARKS 
1.2 RESEARCH SIGNIFICANCE 
Chapter 2 REVIEW OF PREVIOUS RESEARCH 
2.1 INTRODUCTION 
2.2 CHARACTERISTICS OF ADVANCED FIBER MATERIALS 
2.2.1 Carbon Fibers 
2.2.2 Ararnid Fibers 







2.3 STRUCTURAL BEHAVIOR OF LAMINATED RC MEMBERS 
BY ADVANCED FIBER MATERIALS 
2.3.1 Flexural Strengthening 7 
2.3.2 Shear Strengthening 13 
2.3.3 FRP Confinement 18 
2.3.4 Durability 21 
2.3.5 Interfacial Bond Mechanism of FRP Sheets 23 
2.3.6 FRP Strands and bar 26 
2.4 SEISMIC RETROFIT OF HIGHWAY RC BRIDGE 
2.4.1 Damage of RC Bridge due to Earthquake 28 
Chapter 3 
2.4.2 Seismic Retrofit of Bridge Columns 
2.4.3 Seismic Retrofit of Beam-Column Connections 




INTERFACIAL BOND BEHAVIOR BETWEEN CONCRETE 
SURFACE AND CARBON FIBER SHEET 
3.1 INTRODUCTION 
3.2 EXPERIN1ENTAL PROGRAM 
3.2.1 Test Specimen 
3.2.2 Loading Set-Up & Measurement 
3.3 TEST RESULTS AND DISCUSSION 
3.3.1 Experimental Results 
3.3.2 Comparison With Finite Element Analysis 







Chapter 4 STRENGTH IMPROVEMENT OF LAMINATED RC SLAB 
BY CARBON FIBER SHEET 
4.1 INTRODUCTION 
4.2 EXPERIN1ENTAL PROGRAM 
4.2.1 Test Specimen 
4.2.2 Material Properties 
4.2.3 Strengthening of Carbon Fiber Sheets 
4.2.4 Loading Set Up 
4.2.5 Mea urement & Test Procedure 
4.3 TEST RESULTS AND DISCUSSION 
4.3.1 Structural Behavior & Failure Mode 










4.3.3 Load - Strain Relation hip 
4.3.4 Effect of Flexural Strength Improvement 
4.3.5 Effect of Anchoring Sy tern 
4.3 .6 Strain of Carbon Fiber Sheets at the Failure 
4.4 ANALYTICAL STUDY 
4.4.1 Section Analysis 
4.4.2 Finite Element Analysis 








Chapter 5 FATIGUE BEHAVIOR OF RC& CARBON FIBER SHEET 
COMPOSITE SLAB UNDER LARGE REPEATED LOADING 
Chapter 6 
5.1 INTRODUCTION 73 
5.2 EXPERIMENTAL PROGRAM 
5.2.1 Test Specimen 76 
5.2.2 Retrofitting of Carbon Fiber Sheets 76 
5.2.3 Loading Set Up & Measurement 77 
5.3 TEST RESULTS AND DISCUSSION 
5.3.1 Flexural Fatigue Test Results 78 
5.3.2 Loss of Flexural Stiffness due to Fatigue 85 
5.4 ASSESSMENT OF CUMULATIVE FATIGUE DAMAGE 
5.4.1 Total Dissipated Energy Capacity 87 
5.4.2 Progressive Accumulation of Damage 89 
5.4.3 Applications of Infrared Thermography 91 
5.4.4 Retrofit Design Concept for RC Bridge Slab 92 
5.5 CONCLUSIONS OF CHAPTER 5 93 
FLEXURAL STRENGTII EVALUATION OF A RC SLAB 
RETROFITTED WITH CARBON FIBER SHEET 
111 
6.1 INTRODUCTION 94 
6.2 PROPOSED NEW ANALYTICAL METHOD BASED ON BOND 
STRENGTH 
6.2.1 Strain, Stress and Curvature in Composite Cross Section 95 
6.2.2 Estimation of the Ultimate Flexural Strength 98 
6.2.3 Comparison of Analytical and Experimental Results 
6.2.4 Parametric Study 
6.2.5 Iterative procedures 
6.3 CONCLUSIONS OF CHAPTER 6 
Chapter 7 SUMMARY AND CONCLUSIONS 
REFERENCES 
ABSTRACT (IN JAPANESE) 













1.1 GENERAL REMARKS 
Reinforced Concrete (RC) has been widely used as a potential structural material for 
infrastructures. However, many RC structures have been damaged and deteriorated due 
to aggressive environments, increase of the traffic load, severe earthquakes and other 
reasons . Need for repair and retrofitting of damaged RC structures has become one of 
the important issues confronting the repair and rehabilitation industries worldwide. 
Since 1960, as one of the primary retrofit techniques, externally bonded steel jacketing 
method has been widely used to retrofit these damaged RC structures. However, this 
method has some disadvantages due to handling of heavy materials, difficulties of 
construction, maintenance and corrosion. Particularly, corrosion has much influence on 
the bond strength between steel plate and bonded concrete surface, and finally causes 
the failure of structure. 
From the last decade, the use of Fiber-Reinforced-Plastic (FRP) Composite materials 
such as Carbon fiber, Aramid fiber and Glass fiber for strengthening of damaged RC 
members has emerged as one of the most exciting and promising technologies in 
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material and structural engineering field owing to following advantages ; 
+ High tensile strength 
+ Easy handling owing to lightweight and good flexibility 
+ Reduction of corrosion related problems 
+ Practically no increase of dead weight of the structure 
+ Little interruption in the use of the structure 
1.2 RESEARCH SIGNIFICANCE 
Through numerous researches and applications, Carbon Fiber Sheet (CFS) has been 
successfully played key roles as one of the feasible reinforcing composite materials due 
to its superior characteristics. However, the fatigue behavior of RC bridge slab 
retrofitted with CFS under large repeated loading has not been reported so much. The 
main objective of this research is planed to clarify the mechanical behavior of RC 
.. 
slab retrofitted with CFS under static and fatigue loading. 
+ Chapter 2 introduces review of previous researches on structural behavior of 
laminated RC members by FRP materials. This chapter also contains a brief review 
of seismic retrofitting techniques and experimental results of viaduct column 
retrofitted with CFS. 
+ Chapter 3 presents the results of experimental and analytical investigations on 
interfacial bond behavior between concrete and CFS. Bond strength between 
concrete urface and CFS (actually epoxy layer) is evaluated by laboratory test. A 
Finite Element (FE) analy is is also developed to simulate the shear stress 
di tribution along the bonded length of CFS. 
+ Chapter 4 presents improvement of flexural strength of laminated RC bridge slab 
by CFS . An experimental investigation was conducted with test slabs under static 
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load. Section analysis based on the compatibility of deformations and equilibrium 
of forces , and 2-D (two-dimensional) FE analysis are developed to predict the 
structural behavior of strengthened RC slab. 
+ Chapter 5 presents experimental study of flexural fatigue behavior of RC lab 
retrofitted with CFS, particularly under very large repeated loading. The test slab is 
almost identical to an existing slab of a highway in terms of the amount of 
reinforcement, quality of concrete and thickness of the slab, which is 18cm. Only 
one directional flexural behavior of the slab was tested. Repeated loads 
corresponding to 3.0, 4.5 or 6.0 times of the design bending moment were applied 
to the test slab until failure. Normal type of CFS with 300g/m2 (T300), 400g/m2 
(T400) and high-elastic modulus type of CFS with 300g/m2 (HM300) were used for 
the strengthening. The test slabs are loaded in dry or wet condition. Some of the test 
slabs were pre-damaged under the repeated load and retrofitted by CFS, then loaded 
again to see the improvement of the fatigue life. 
An energy dissipation characteristic is discussed to evaluate the cumulative fatigue 
damage of retrofitted RC slab. Finally, Infrared Thermography, one of the damage 
monitoring techniques in the NDT (Non-Destructive Testing) field, and retrofit 
design concept for existing RC bridge slab are also briefly introduced. 
+ Chapter 6 presents a proposed new analytical method based on bond strength 
between concrete and CFS to evaluate the flexural strength of RC bridge slab 
strengthened with CFS. The evaluation of the ultimate flexural strength of a 
strengthened slab is tried under the assumption that the failure occurs when the 
shear stress mobilized at the interface between the concrete bottom and the glued 
CFS reaches the bond strength. The shear stress is evaluated theoretically and the 
bond strength is obtained by a laboratory test. A parametric study is also conducted. 




REVIEW OF PREVIOUS RESEARCH 
2.1 INTRODUCTION 
In recent years, Fiber Reinforced Plastics (FRP) material have been used to rehabilitate 
many types of structures including bridges, parking decks, smoke stacks, and buildings 
with its superior characteristics such as high strength and stiffness per unit weight, 
easier handling due to their lightweight, and corrosion resistance. Numerous research 
studies have revealed that FRP composite systems bonded to various structural members 
can significantly increase their stiffness and load carrying capacity beyond what can be 
achieved through conventional methods. 
In this chapter, the previous researches of FRP retrofit systems are discussed. Material 
properties of FRP materials are investigated, and various researches on structural 
behavior of laminated RC members by FRP for flexure , shear, confinement, durability 
and seismic retrofit systems are also reviewed. 
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2.2 CHARACTERISTICS OF ADVANCED FIBER MATERIALS 
2.2.1 CARBON FIBERS 
Carbon fibers are produced from precursors of cellulose and polyacrylonitrile (PAN), 
producing high strength fibers, or a special hydrocarbon pitch producing high modulus 
fibers. Carbon fibers are produced by heating the precursor to temperatures up to 
2600°C for high strength fibers or 3000°C for high modulus fibers. 
These extremely thin fibers are aligned in strands, or tows. Containing 3,000 to12,000 
carbon filaments, tows are only as thick as a human hair. Despite their size and low 
weight, carbon fibers have very high tensile strength and stiffness. For reference, 
Carbon Fiber Reinforced Plastic (CFRP) laminates consist of unidirectional continuous 
carbon fibers impregnated with an epoxy resin. All carbon fibers offer relatively high 
strengths and stiffness, but are brittle and fail at reasonably low strain levels. Carbon 
fibers are not corrode itself, but it may cause galvanic corrosion in other materials. 
Commercially available carbon fibers are generally classified into Pitch .carbon and 
PAN carbon fibers. 
Pitch carbon fibers are ordinary or high elastic modulus 
of fiber and the PAN carbon fibers are high strength or 
high elastic modulus of fiber. Both tensile strength and 
elastic modulus of the ordinary fiber of the Pitch are 
about 20o/o of those of the PAN type. On the other hand, 
high elastic modulus type provide an identical or higher 
elastic modulus than the PAN type. 
2.2.2 ARAMID FIBERS 
Figure 2.1 Carbon Fiber Sheets 
Aramid fibers such as Kevlar 49 offer high tensile strength, low density and relatively 
high elongation to failure. This results in them being very good for absorbing large 
amounts of energy, for example in tructures subject to impact forces. The fibers have 
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very low density and therefore results in extremely lightweight structures. Most FRP 
materials exhibit slightly lower strength in compression than tension, but this is 
particularly true for aramid reinforced FRP and any areas subject to significant 
compressive stress will require careful consideration. Ararnid fibers have a negative 
coefficient of thermal expansion. 
2.2.3 GLASS FIBERS 
Two types of glass fibers are commercially available for use as continuous fiber 
materials; namely, E-glass fibers and Alkali-resistant glass fibers. The E-glass fibers 
contains large amounts of boric acid and aluminate, while the alkali-resistant glass 
fibers contains a considerable amount of zirconia, which serves to prevent corrosion by 
alkali attacks from cement matrixes. 
E-GLASS FIBERS 
E-Glass fibers are of lower strength and stiffness than the other fibers being considered, 
but are also considerably lower in cost. Typically an E-Glass structure may be over 
twice the weight of a carbon or ararnid reinforced composite structure, although this 
will still be dramatically lighter than a conventional structure in steel, concrete or even 
aluminum. E-Glass fibers are electrically non-conductive and offer good corrosion 
resistance. 
It should be noted however that E-Glass fibers can be attacked bv strong alkaline 
solutions and needs to be vrotected with suitable resins or surface tissues in such A o 
situations. Laminates produced with unidirectional E-Glass fibers exhibit ultimate 
strengths in excess of those provided by conventional structural steel, but with much 
reduced stiffness. Table 2.1 and Figure 2.1 show materials properties of fiber materials. 
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Figure 2.2 Relation hip between tensile strength and strain in fiber materials 
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2.3 STRUCTURAL BEHAVIOR OF LAMINATED RC 
MEMBERS BY ADVANCED FIBER MATERIALS 
Worldwide, a great deal of researches have been conducted concerning the use of Fiber 
Reinforced Plastic (FRP) composite materials in the repair and strengthening of 
damaged RC members. Experimental and analytical inve tigations on tructural 
behavior of retrofitted RC members by FRP materials for flexure, shear, confinement 
and durability, etc are reviewed in this section. 
Flexural strengthening of . 
RC bridge slab 
Flexural strengthening of 1 
bridge girder 
Flexural strengthening of ' --~~--------------~ viaduct column u 
Figure 2.3 FRP retrofitting system 
2.3.1 FLEXURAL STRENGTHENING 
Shear .r;trengthening of 
bridge girder 
Shear strengthening of 
viaduct column 
Many researchers have investigated the effectiveness of FRP materials for flexural 
strengthening of RC members. 
FLEXURAL STATIC LOADING 
+ Meier ( 1987) presented the first study on the use of Carbon Fiber Reinforced 
Plastic (CFRP) laminates in strengthening applications, and he showed that 
advanced fiber composites could replace the conventional steel reinforcement. 
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+ Kaiser (1989) successfully employed CFRP composites for the first time in loadin a 0 
tests for the strengthening of full-scale reinforced concrete beams. His work 
showed the validity of the strain compatibility method in the analysis of cross 
sections and suggested that inclined cracking may lead to a peeling-off the 
strengthening sheet. 
+ Saadatmanesh and Ehsani (1990) studied test results of reinforced concrete beam 
with Glass Fiber Reinforced Plastic (GFRP) sheets bonded to their tension zone 
' 
and emphasized that selection of the appropriate adhesive is of primary importance 
in the mechanical performance of the strengthened members. They also performed 
parametric studies to examine the effect of different design material properties and 
quantities on the strength of the retrofitted beams. 
Figure 2.4 CFS retrofitting for flexure 
+ Ritchie et al (1991) investigated a series of concrete beams strengthened with 
composites made of Carbon, Aramid and Glass Fibers, and developed an analytical 
method based on strain compatibility to predict the strength and stiffness of the 
plated beams. 
+ Triantafillou and Plevri (1992,1995) used the strain-compatibility method and 
concepts of linear elastic-fracture mechanics to develop a model for the FRP 
peeling-off mechani m in order to provide a comprehensive study of the short-term 
flexural behavior of reinforced concrete beam trengthened with externally bonded 
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composite laminates. Their work also addressed the effect of different types and 
area fractions of unidirectional composites on the strength, stiffnes , and ductility 
of the strengthened elements. Finally, their analytical results for the failure 
mechanisms and loads were validated through a series of experiments employing 
thin CFRP sheets. 
+ Sharif et al (1994) tested initially loaded reinforced concrete beams strengthened 
with epoxy bonded fiberglass plastic plates . They also proposed shear and normal 
stresses at the plate curtailment using Robert's approximate analytical solution 
assuming elastic behavior. 
r = jv + [ ks l ~ M ) b P d 11 ( h _ x) 
E b d Ib 11 p p f1 (/ 
[ 1
1/4 
CJ = rd ~ 
f1 4E I 
p 
Where, V is shear force at plate curtailment. ks and k11 are shear and normal 
stiffness of epoxy/unit length. E", b" and d" are elastic modulus, width and 
thickness of FRP plate. hP is location from top of concrete section to centroid of 
FRP plate. IP is moment of inertia of FRP plate and I is moment of inertia of 
fully composite transformed equivalent to FRP section, 
+ Malek et al (1998) presented a method for calculating shear and normal stress 
concentration at the cutoff point of the FRP plate. This analytical method presented 
in this thesis can be used to predict the distribution of shear and normal stress at the 
interface of the FRP plate and the adhesive throughout the entire length of the plate 
and particularly the location of the cutoff point. This model has been developed 
based on linear elastic behavior of the concrete. The effect of the large flexural 
cracks along the beam has been investigated. The maximum values of these stresses 
' 
are given by the following simple equation. 
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At the cutoff point, the maximum value of shear stress is obtained as; 




t epoxy f frp E frp 
, b2_3 = parameters used 1n shear/normal stress 
Also, the maximum value of normal stress is obtained as; 
Where, Kn = normal stiffness per unit area of epoxy, f3 = coefficient used in 
normal stress definition, Vfrp = shear force in the plate beam, !rrp = moment of 
inertia of plate beam 
FLEXURAL FATIGUE LOADING 
+ Kaiser (1989) investigated a beam with a 2.0m span under fatigue loading. The 
cross section was 300mm wide and 250mm deep. The existing steel reinforcement 
consi ted of 2rebars of 8mm diameter in the tension as well as the compression 
zones. This beam was post-strengthened with a hybrid sheet with the dimensions 
0.3x200mm. The fatigue loading was applied with a frequency of 4Hz. The test set-
up corresponded to a four-point flexure test with loading at the one-third points. 
After 480,000cycles the first fatigue failure occurred in one of the two rods in the 
ten ion zone. After 560,000 cycles the second rod broke at another cross section. 
After 610,000 cycle further bread was ob erved in the first rod and after 720,000 
cycle , in the econd rod. After 805,000 cycles, the sheet finally failed. This test 
wa executed with unrealistically high teel stre se . The goal of the test however 
wa to gain in ight into the failure mechani m after complete breaking of the teel 
reinforcement. It wa remarkable to ob erve how much the hybrid heet could 
with tand after failure of the teel reinforcement. 
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+ Deuring ( 1990) performed a fu1ther fatigue te t on a T ection beam with a span of 
6.0m under more realistic conditions. The total carrying capacity of thi beam 
amounted to 61 OkN without the CFRP. Through the bonding of a CFRP heet 
having the dimensions 200x1mm, the carrying capacity wa increa ed by 32% to 
815kN. The beam was subjected to four points bending from 126kN to 283kN for 
10.7 million cycles. The temperature was raised from room temperature to 40 and 
the relative humidity to at least 95 o/o. The goal of this test phase was to verify that 
the bonded CFRP sheet could withstand very high humidity with simultaneous 
fatigue loading. Already at the beginning of this test phase the CFRP sheet was 
nearly completely saturated with water. After a total of 12.0 million cycles the fir t 
reinforcement steel failed due to fatigue. Second fatigue test was conducted similar 
to the one described above; this time however, the CFRP plate was pre tres ed and 
30.0million cycles were performed with no sign of any damage. 
+ Matsui et al (1997) conducted a wheel trucking fatigue test with damaged RC deck 
slab strengthened by CFS. From the results, the damaged RC deck slab prolonged 
its fatigue life more than 5 to 17 times owing to the CFS, and also the high elastic 
modulus of CFS was considered as more effective for extending fatigue life of 
existing bridge slab. 
Figure 2.5 Wheel trucking fatigue test 
+ Barnes ( 1999) examined the fatigue performance of CFRP strengthened concrete 
beams. Five reinforced concrete beams were tested. From the limited number of test 
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specimens, it would be appeared that fatigue fracture of the internal 
reinforcement steel is the dominant factor governing failure in RC beams 
strengthened in flexure with CFRPplates. It was recommended that the criteria 
for the fatigue design of CFRP plated beams should be to limit the stress range in 
the rebars to that permitted in an unplated beam. 
2.3.2 SHEAR STRENGTHENING 
The nominal shear strength of a RC beam may be computed by the basic design 
equation as 
The nominal shear strength V,1 is the sum of the shear strength of concrete V con (which 
for a cracked section is attributable to aggregate interlock, dowel action of the 
longitudinal reinforcement and the diagonal tensile strength of the uncracked portion of 
concrete) and the shear strength of the steel reinforcement vsreef • In case of beam 
strengthened with externally bonded FRP sheets, the nominal shear strength may be 
computed by the addition of a FRP term to account for the contribution of FRP sheet to 
the hear strength of beams. 
The contribution of FRP reinforcement to shear capacity (V1;-") of RC members depends 
on everal parameters, including the stiffness of FRP, the quality of the resin, the 
compre ive trength of concrete, the number of piles of FRP sheets, the wrapping 
cheme and the fiber orientation angle. However, it has been difficult to establish certain 
formula to compute V1;-" because the parameters are numerous and tudies on shear 
trenothenincr of RC beam using fiber compo ite materials have been limited. 0 b ...... 
+ Ber et ( 1992) at the Ma achu ett In titute of Technology perforrried the first 
re earch. He te ted RC beam with and without hear trengthening reinforcement 
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in the form of GFRP laminate epoxy-bonded to vertical side in the hear critical 
zones, and developed a simple analytical model for the contributing of the external 
reinforcement to shear capacity. In Berset ' model the FRP shear reinforcement is 
treated in analogy with steel stirrups, reaching a maximum allowable train , which 
is determined by experiments. 
+ Uji (1992) tested reinforced concrete beams strengthened in shear with either 
wrapped-around carbon fabrics or CFRP laminates bonded to the vertical side 
(with the fibers either vertical or inclined). His model for the FRP contribution to 
shear capacity is based on rather arbitrarily defined FRP-concrete bonding 
interfaces, which, during peeling-off. (debonding) of the fabrics , carry average 
shear stresses (bonding stresses) determined by experiments (to be about 1.3MPa). 
The upper limit to the FRP contribution is given by its tensile strength. 
+ In another study, Dolan et al ( 1992) tested prestressed concrete beams with 
externally applied aramid fabric reinforcement, and concluded that AFRP fabrics 
perform quite well as shear retrofit reinforcement. 
Figure 2.6 FRP retrofitting for shear 
+ The work of Al-Sulaimani et al (1994) dealt with hear strengthening using GFRP 
laminates in the form of plates or strips. Their model for the contribution of 
composites to shear capacity is based on the assumption of FRP concrete interface , 
which carry average shear tresses during peeling-off equal to 0.8 MPa and 1.2 
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MPa for the case of plates and strips, respectively. 
+ Ohuchi et al (1994) carried out an extensive series of experiments on reinforced 
concrete beams strengthened in shear with wrapped-around carbon fabrics. They 
modeled the CFRP contribution to shear capacity in analogy with steel stirrups, 
assurnincr a limitincr strain for the external reinforcement equal to either the tensile b b 
failure strain of CFRP or 2/3 of it, depending on the thickness of the fabrics. 
+ Chajes et al (1995) reported on FRP-strengthened concrete beams using composites 
with various types of fibers, namely glass, aramid, and carbon. In this work, the 
FRP contribution to shear capacity is modeled in analogy with steel stirrups and 
assumes a limiting FRP strain, which was determined by experiments to be 
approximately equal to 0.005. 
+ Malvar et al (1995) also tested reinforced concrete beams strengthened in shear 
with CFRP fabrics and verified the high effectiveness of the technique. In terms of 
analysis, they stated that the contribution of the fabrics to shear capacity could be 
obtained in analogy with steel stirrups by considering the limiting FRP strain equal 
to that at tensile fracture of the material. 
+ Norris et al (1997) proposed simple equation to evaluate the contribution of the 
FRP to the shear strength of RC beam as follows, 
Where, F1;." = tensile strength of FRP, tfrp = thickness of FRP, 
d = di tance from com pre sion flange to centroid of tension steel 
However, the above equation i only used to the failure mode of FRP rupture. 
+ An experimental inve tigation wa performed at the University of Missouri-Rolla 
(Khalifa et al 1998) to inve tigate the hear performance and mode of failure of RC 
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beams strengthened with CFRP sheet . Full- cale RC beam were te ted with some 
variables, which are aid ratio, steel stirrups, amount and configuration of CFRP 
and anchoring. The experimental results indicated that the hear contribution of 
CFRP was significant and dependent on the variable inve tigated. 
(a) Bonded surface configurations 
Continuous sheet Strips 
(b) FRP reinforcement distributions 
(c) Fiber orientations 
(d) Pseudo-isotropic FRP reinforcement schemes 
(e) Mechanical anchorage options 
Figure 2.7 FRP retrofitting for shear (by Khalifa, 1998) 
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+ Triantafillou ( 1998) noted that CFRP sheets used for shear strengthening rupture as 
stress levels below their ultimate strength due to stress concentrations, and if the 
level of strain at rupture is considered as the effective strain Ere' the contribution of 
FRP reinforcement to shear capacity (V1;p) of aRC beam can be evaluated by 
Vfrp = Pr E r ere bl\' 0.9d (1 + cotfJ) sin/3 
Here, p1 = FRP shear reinforcement ratio=(2tr W.r I b11 • s1), f3 = angle between 
principal fiber orientation and longitudinal axis of beam, bw = width of beam 
cross section, w1 = width of FRP strip, s,- = spacing of FRP strips, E1 = elastic 
modulus of FRP. 
This equation may be rewritten by 
A.r fre (sin p +cos p) df 
vfrp = _..::...~~------
. sf 
Here, the modulus of elasticity times the effective strain is replaced with the 
effective stress. The area of FRP shear reinforcement is the total thickness of 
the sheet times the width of the FRP strip Wp If continuous sheets are used, the 
width' of the strip and the spacing of the strip sf should be equal. 
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2.3.1 FRP CONFINEMENT 
Several researchers have demonstrated that the ductility and strength of concrete 
columns can be increased by lateral confinement with the use of FRP composite 
wrapping materials. 
+ Fardis et al (1981) conducted the experimental study on the behavior concrete-
encased FRP tubes. Four types of glass fiber were used with the number of FRP 
layers varying from 1 to 5. The failure mode of specimens wa a simultaneous 
fracture with concrete crushing of FRP. The ultimate strength and the cone ponding 
strain of concrete were 




d · f'c 
Where, f' cc and Ecc are the maximum strength and the conesponding strain of 
confined concrete 
f' cis the maximum strength of unconfined concrete 
fFRP and tis the tensile strength and the thickness of FRP 
d is the diameter of concrete core 
+ Ahmad et"al (1991) presented experimental & analytical results on the strength and 
deformation of concrete transversely reinforced with fiberglass filament (wires). A 
total of 33 concrete cylinder confined with fiberglass wires were tested to obtain 
complete stress-strain curves in compression. The stress-strain curves for confined 
concrete can be represented by 
Where,f' c, E 'c is the maximum stress and the corresponding strain, respectively 
f. is the stress at strain E( . and A and B are constants 
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The above equation can be used to predict the stress-strain curve of confined 
concrete, by using f' cc and £'cc in place of f 'c and £ ', where f' cc and £'cc are the peak 
stress and the corresponding strain for confined concrete. 
The peak stress and strain can be determined by 




and for f 'c = 50.5MPa £ cc -] __ here, k = 3.9 
-- + ' , 4ns,, 64.2MPa £ c 3.5 
Where, sfl is the spacing of the fiberglass . 
+ Demers et al ( 1994) investigated the use of advanced composite material wrappings 
for strengthening plain concrete cylinders using one or three layers of carbon or 
glass fiber sheets. Round columns (152x305mm) as well as square columns 
(150x 150x500mm) were used. Their results showed that a significant increases in 
strength up to 70% were observed and ductility was 7 times higher than that of 
unwrapped plain concrete cylinders. Increases were negligible for square columns 
because the high stress concentrations at the comers resulted in premature failure of 
the sheets before ignificant confining pressure could be induced. 
+ Other experimental investigations on confinement of concrete with FRP have been 
carried out (Karbhari et al 1993, Miyauchi et al 1997), and they proposed new 
confinement equations. 
! ' = j' [1 + 2.J(jFRP. f )0.87 ] cc c d. f'c 
f ·2t ! ' =!' [1+3.5( FRP ) ] cc c d . f ' 
c 
f . 2t 
= 0.002 + 0.0]( FRP ) 
£ cc d. j' 
c 
f . 2t 
=0.002 [1+}0.6( FRP ) 0.373 ] 
£cc d . J', 
(By Karbhari et al 1993) (By Miyauchi et al 1997) 
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f · 2t ! ' = j' [1 + 2.2( FRP ) 0.84 ] 
cc c d . f c' (By Saafi et al 1999) 
£ = £ [1 + (537 £ FRP + 2.6}( f'cc -})] 
cc co f'c 
Where, f' cc and £cc are the maximum strength and the corresponding strain of 
confined concrete 
j' c and £co are the maximum strength and the corresponding strain of 
unconfined concrete 
JFRP and tis the tensile strength and the thickness of FRP 
£FRP is the ultimate stain of the FRP, dis the diameter of concrete core 
+ To study the stiffness degradation of concrete confined with FRP tubes, Mirrniran et 
al ( 1997) performed a uni-axial compression test under cvclic loading. Glass fiber 
was used and the number of FRP layers was 5,10, and14. They reported that the 
failure mode of cylinder specimens was similar to specimens under monotonic 
loading, and the stiffness degradation was no as severe as that of steel-encased 
concrete. 
+ Ono et al ( 1997) conducted experimental investigations on concrete cylinder 
specimen (100x200mrn) confined by CFS, as shown in Figure 2.8. They 
demonstrated that both the compressive strength and the strain at maximum stress 
were enhanced in proportion to the number of layers of the carbon fiber sheets. 
Figure 2.8 Uni-axial compres ion test of concrete cylinder confined by CFS 
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2.3.2 DURABILITY 
Durability of composites and composite-reinforced systems against environmental 
factors such as extreme temperature cycles , moisture, chemical attack, and ultraviolet 
radiation is of major concern in structural retrofitting. Early research has indicated that 
many polymer-matrix composites can absorb moisture from the surrounding 
environment, resulting in dimensional changes as well as adverse internal stresses 
within the system (lang, 1994). Additionally, the composite materials alone are 
inherently corrosion resistant and can show substantial cost benefits when used in 
aggressive environments (Schwartz, 1997). To date, limited studies have been 
conducted on the long-term behavior and environmental durability of concrete 
structures retrofitted with FRP laminates. 
+ Baumert et al ( 1996) studied low temperature behavior of concrete beams 
strengthened with FRP sheets. The test was made by investigating the flexural 
behavior of post-strengthened beams at room temperature (21 oC) and low 
temperature (-27°C). The beams were subjected to four points loading at the two 
different temperatures and the results indicated that the reduced temperature did not 
affect the flexural behavior. 
+ Soudki and Green (1996, 1997) conducted an experimental study on the 
performance of circular plain and reinforced concrete cylinders (150x300mm) 
strengthened with CFRP wraps in cold weather conditions. Their experimental 
results showed that the use of CFRP sheets to strengthen concrete columns in cold 
regions is feasible and appeared to be efficient in terms of strength, stiffness and 
ductility. An increase up to 3 times in strength was obtained in CFRP wrapped 
columns exposed to freeze/thaw cycling when compared to unwrapped cylinders 
ubjected to freeze/thaw cycling. The authors reported that low temperature 
expo ure and under water exposure did not affect significantly the strength, but 
affected the mode of failure. 
+ Arockia amy and Thayer (1998) reported a study on the damage process of CFRP 
compo ite-concrete interface under fatigue loading at low temperatures. The 
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experimental work included investigation on fatigue trength. ultimate capacity 
and failure modes of repaired reinforced concrete beams in cold environment and 
room temperature. The study also included investigation of thermal re ponse of 
repaired plain concrete beams with CFRP laminate ubjected to thermal cycles. 
With regard to ultimate strength, the study concluded that no noticeable difference 
in the general trend of the load-deflection curves of the repaired beam , which were 
subjected to fatigue loads at room temperature and low temperature, could be 
observed. 
Figure 2.9 CFS retrofit of bridge column damaged by corrosion 
+ Toutanji and Rey ( 1997, 1998) conducted an experimental study on the 
performance of concrete columns (76x305mm) wrapped with carbon and glass FRP 
composite. sheets subjected to wet-dry and freeze-thaw conditions. Their 
experimental results showed that CFRP is superior to glass when exposed to harsh 
environments. The authors reported that when the effect of freezing and thawing on 
the exposed concrete was minimized, the degradation in strength in both carbon and 
glass fiber wrapped specimens was significantly reduced. No loss in ductility was 
observed for CFRP wrapped cylinders exposed to wet/dry environments, while a 
loss in ductility was observed in GFRP wrapped cylinders. Both CFRP and GFRP 
wrapped cylinders exposed to freeze/thaw environment exhibited a significant 
reduction in ductility. All wrapped cylinders subjected to freeze/thaw cycling 
exhibited more catastrophic failure behavior as compared to unconditioned and 
wet/dry conditioned specimens. 
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+ The effect of environmental conditions on concrete cylinders wrapped with FRP 
sheets was studied by EL-Hacha et al (1999). Thirty-six plain concrete cylinders 
(150x300 mm) were tested. Cylinders were subjected to high temperatures (45°C) 
to heat-cool cycles (23 OC to 45 oC) and to prolonged heat exposure ( 45 OC ). The 
results indicated that confining concrete cylinders with a CFRP sheet was a very 
effective and efficient method for improving the strength and ductility of concrete 
columns under severe environmental conditions. 
2.3.3 INTERFACIAL BOND MECHANISM OF FRP SHEET 
In order to develop rehabilitation procedures for concrete structures involving externally 
applied composite material, a good understanding of the bond mechanism is need. 
+ Saadatmanesh et al. (1990) conducted an experimental study to evaluate the 
performance of four different adhesive used to composite plates to the tension face 
of RC beams. They concluded that the success of such a strengthening technique 
strongly depends on the suitability of the epoxy. The epoxy should have sufficient 
stiffness and strength to transfer the shear force between the concrete beam and 
composite plates. The epoxy should also be tough enough to prevent brittle bond 
failure caused by cracking of the concrete. They also found that rubber-toughened 
epoxies are particularly suited for this application. 
+ According to the conclusions of Chase's Single-lap shear bond test (1996), surface 
preparations of the concrete can influence in ultimate bond strength. To achieve the 
best possible bond, the concrete surface should be mechanically abraded or 
sandblasted, and a primer should be applied. They also implied that in addition to 
the stiffness of the CFRP sheets, the bond strength depends on the concrete 
compressive strength. The average bond strength between concrete and CFS was 
increa ed with the increase of compressive strength of concrete. Finally, additional 
experimental and analytical investigation is needed to develop a relationship for the 
bond properties. 
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+ Van Gernert et al (1997) reported special shear test results . In this study, they 
presented the experimental test results, and proposed new method for evaluatin cr 
b 
bond strength between concrete and CFRP laminates based on non-linear fracture 
mechanics. Also, they stressed that at higher loads, the maximum shear stress r 
shifted to the right (Figure 2.1 0) and attained higher values. When the direct tensile 
strength, which is larger than the pull-off strength, is reached, the crack will extend 
and the sheet will peel off in a brittle way. 
p 
2ECFRP tCFRP Gf 
1 +a 
a= EcFRP tcFRP 
E t Concrete Concrete 
Where,G1 = fracture energy (Nmm/mm2), b =width of CFRP laminates(mm) 
CFRP 
\, ~:::· : ~~: 
_L _____ ...,._,...,~_...,....,.._Concrete ] ______ ].J 
.... 
Figure 2.10 Shear stress distribution before and after crackin cr 
b 
+ Maeda et al ( 1997) studied the bond mechanism of CFRP sheets with concrete by 
performing simple tension tests. The authors described the concept of the average 
bond strength and the effective bond length based on the experimental results. Also, 
they proposed new equation for calculating the ultimate load Pnw.r as follows, 
Where, Le-cal is calculated by the equation obtained from the least squares 
method ( = exp [ 6.134 - 0. 58 lrz (txEc1, ) ] ), rbu is the average bond strength 
calculated by the following equation, rbu =Ec/J t (dE I dx), (dE I dx) is gradient 
for effective bond length (=llO,LL/mm). 
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+ In order to understand the adhesive characteristics of CFRP sheet, tension test were 
conducted by Takao et al (1998). From the results, the effective adhesion length of 
CFRP sheet was about 1 OOmm, and ultimate load was in direct proportion to 
tension stiffness of CFRP sheet. 
c 
(a) Single-lap shear bond test by Chajes(1996) (b) Shear test by Van Gernert (1997) 
Concrete CFS 
Notch 
Steel Bar A 44 e 
(c) Bond shear test by Maeda ( 1997) (d) Tensile test by Takeo ( 1998) 
Figure 2.11 Interfacial bond tests 
+ Izuno et al (1998) carried out Uni-axial tensile test with three parameters, which 
were compressi e strength of concrete, two different fibers (Carbon, Aramid) and 
bond length of sheet. Here, they proposed new equation to calculate the ultimate 
load Pmax 
p /1/QX = (3.4/c 2 3 + 69.0). L. E l . B I . t r X 1 o-6 for Aramid sheet 
p = (3.8 +. 2 3 + 15.2) · L · E · B 1 • t 1 x 10-6 for Carbon sheet 111~ lt I 
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Where, fc = Compressive strength of concrete at 28day , L = Bonded length of 
sheet, £1=Elastic modulus of sheet, B1 = width of sheet, t1 = thickne s of sheet, 
They also noted that the effective bond length of sheet wa 1 OOmm. 
+ Dolan et al ( 1998) developed a push-apart test to define the interface shear between 
FRP and concrete, as shown in Figure 2.12. This test wa de igned to determine 
lower-bound bond strength for the test specimen, that i the force required to 
separate the CFRP and the concrete. The failure mode was shearin a of the concrete b 
below the CFRP/epoxy interface. 
Figure 2.12 Push-apart bond test 
2.3.4 FRP STRANDS & BAR 
+ The effect of fatigue loading on the use of external AFRP strands was examined by 
Saeki et al (1993, 1995) and Mutsuyoski el al (1993). They determined that fatigue 
loading applied at 33 percent of the ultimate load for 2 million cycles had an 
insignificant effect on the rigidity of the tested beams. In addition, they indicated 
that the loss in pre-stressing force was about 10 percent. 
+ Kumar ( 1998) conducted the fatigue test of four concrete decks reinforced with 
fiber-reinforced plastic (FRP) bar. The test results showed no lo s of bond between 
FRP rebars and concrete in any of the test pecimens. The major crack patterns 
were in the direction parallel to the tringers. The deck specimen reinforced with 
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FRP rebars had a linear variation in stiffness degradation even after 2.0million 
cycles; thus 2.0million fatigue cycles could be conservatively assumed as 80o/o of 
the fatigue life of these decks. Also, fatigue failure in concrete decks is influenced 
by crack formation at the bottom of the deck. Therefore, the span-to-depth ratios in 
the concrete slab should be proportioned such that the extreme fiber tensile stress in 
the deck is less than 50% of the modulus of rupture of concrete. 
+ Michaluk and Rizkalla ( 1998) presented test results of eight one-way concrete slabs, 
with clear spans of 3000mm, reinforced with glass-fiber, carbon fiber and 
conventional steel reinforcement. The slabs were tested under static loading 
conditions to determine their flexural and shear limit states. The slab behavior 
exhibited adequate warning prior to failure through large and deep cracks, 
accompanied by large deformations for slabs reinforced by GFRP bars. 
+ Hemanth and Gangaroa (1998) investigated the application results of GFRP 
reinforcing bar to McKinleyville (U.S) Bridge deck slabs. They conducted 
extensive laboratory testing of GFRP bar reinforced concrete beams under static 
and fatigue loads before implementing GFRP bars in full-scale concrete bridge deck 
construction. Truck loading test results after implementing indicated that the bridge 
superstructure deflection and stress of GFRP bar are well within their allowable 
limits. 
(a) CFRP strands in concrete bridge (b) Implement of GFRP bar 
Figure 2.13 Application of FRP Strands & Reinforcing bar to bridge 
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2.4 ·SEISMIC RETROFIT OF HIGHWAY RC BRIDGE 
2.4.1 DAMAGE OF RC BRIDGE DUE TO EARTHQUAKE 
Recent earthquakes in urban areas of the United States (1989 Lorna Prieta, 1994 
Northridge) and Japan (1995 Kobe) have demonstrated the inadequacy of old seismic 
design codes as shown in Figure 2.14. Through the investigation of RC columns for 
bridge piers that failed in Kobe earthquake, two kinds of typical damages such as 
Flexural or Shear cracking were observed. The summaries of these damacre b 
classifications for RC column are shown in Table 2.2 and 2.3, respectively. Thus, there 
is an urgent need for development of effective, durable, and cost-efficient repair & 
retrofit materials and methodologies. 
Figure 2.14 Damages to bridges in recent earthquakes 
2.4.2 SEISMIC RETROFIT OF BRIDGE COLUMNS 
Concrete columns are commonly deficient in flexural ductility, shear and flexural 
strength when affected by inadequate lap splice length or longitudinal reinforcement. A 
number of column retrofit techniques have been developed and tested. 
+ Concrete Tacketing 
Additional of relatively thick layer of reinforced concrete around the columns can be 
used to enhance flexural strength, ductility, and shear strength of columns. Although this 
method has been used more frequently for building columns than for bridge column. 
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• Falling off of the cover concrete 
• Crushing of the inner concrete 
• Buckling or cut off of the main re-
bars 
• Cut off of hoop re-bar 
• Loss of the axial alignment 
- Demolition and reconstruction 
• Falling off of the cover concrete 
• Segregation of the inner concrete 
into blocks 
• Buckling of the main re-bars 
• Cut off of hoop re-bar 
• A large amount of residual 
displacement 
- Demolition and reconstruction or 
Strengthening 
• Many cracking on the surface 
• Partial falling off the cover concrete 
• Almost no bend of the main re-bar 
• Almost no residual displacement 
- Strengthening 
• No damage or only small cracking 
on the surface 
-Repair 
* Reference: ONO. K (199 ) " Record of RC Bridge Piers Damaged during the Great 
Han in-Awaji earthquake and the Analysi " 
* 8.. : di placement of longitudinal teel reinforcement at yielding 
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Table 2.3 Classification of seismic damage level by shear 
Overview Estimated 
displacement 






• Cru bing of the inner concrete at the 
diagonal fracture urface 
• Loss of the alignment or cut off of 
the main re-bar at the hear failure 
surface 
• Loss of the axial alignment 
- Demolition and reconstruction 
• Clear diagonal cracking 
• Falling off of the cover concrete 
• Exposure of the main re-bar 
- Demolition and reconstruction or 
Strengthening 
• Visible diagonal cracking 
• Almost no falling off of the concrete 
- Strengthening 
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Figure 2.15 Concrete jacketing method 
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Steel jacketing requires installation of a steel plate around the existing column. In order 
to create a bond between the concrete and the steel plate, the steel jacket would be 
approximate! y 40 mm from the surface of the column. The gap between the column and 
the steel would then be filled with grout. The steel jacket would have to be painted or . 
galvanized to prevent corrosion. 
~--...;N; 
origina l 
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Figure 2.16 Steel jacketing method 
Considerable researches have been perforn1ed to establish the effectiveness of viaduct 
column retrofit using Fiber Reinforced Polymer (FRP) wrapping such as Carbon~ 
Aramid or Gla s .fiber sheet . In this technique. FRP sheets are generally impregnated 
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with epoxy resin for flexural ductility enhancement and flexural or shear strengthening 
of existing concrete columns. 
Figure 2.17 FRP wrapping method 
Many experimental investigation have been conducted the seismic behavior of viaduct 
column strengthened by FRP materials. 
+ The first study on retrofitting with FRP Composites was performed at the University 
of California at San Diego where 0.4 scale columns were retrofitted with 
fiberglass/epoxy jackets and tested under cyclic loading (Priestley et al., 1991 ). 
Successful results obtained from the test study resulted in immediate 
implementation of the method in pilot field applications. 
+ ONO et al ( 1997) reported experimental test results on bridge pier model subjected 
to cyclic loading. Ten column specimens (Shear model 5, Bending model 5) were 
loaded statically in the horizontal direction at the top under constant uniaxial 
compression force. From the test results, the modified shear reinforcement q may 
be used to evaluate shear strength improvement by the JSCE method. 
q = Psf:n· + a Pcrr f:t\ (a< I ) 
Where, Ps: Shear steel ratio, Pets : Shear CFS ratio a : Strength reduction factor 
l:n : Yield strength of shear steel , f crs : Tensile strength of CFS 
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(a) Retrofitting with CFS (b) Failure by CFS fracture 





















displacement at the top(mm) 
-100 -50 0 50 100 150 
(a) Control column (No CFS) 
displacement at the top(mm) • 
-100 0 100 
(b) Retrofitted with 4layers of CFS 
Figure 2.19 Load-displacen1ent relation 
- 33-
200 
2.4.3 . SEISMIC RETROFIT OF BEAM-COLUMN CONNECTIONS 
+ Experimental investigation of Adin et al (1993) have shown satisfactory structural 
behavior of the beam-column connections by steel plate in terms of strength 
improvement and energy absorption capacity. 
+ More recently, seismic retrofitting of beam-column connections using FRP 
composites have been investigated and successfully tested in laboratory and field 
studies (Gergely et al 1998, Geng et al 1998). 
+ ONO et al (1998) have conducted experimental investigation of RC beam-column 
connections confined by different configurations of carbon fiber sheets. From the 
test results, it was concluded that the cross-confined connections with carbon sheets 
as shown in Figure 2.20(a) exhibited enhanced ductility and strength if sufficient 
amount of sheets and proper anchoring was suffered. 
(a) Cross type (b) Normal + Anchor Type 
Figure 2.20 Testing of beam-column connections strengthened by CFS 
2.4.4 OTHER METHODS FOR ENHANCING SEISMIC BEHAVIOR 
RETROFIT OF SUPERSTRUCTURE 
One of the series damages in superstructure is associated with unrestrained movement 
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joints. There have been many examples of bridge failure caused by movement of spans 
in the longitudinal direction , resulting in unseating at movement joints. To avoid this 
failure pattern, PC or FRP cable restrainer can be installed in order to transfer 
longitudinal seismic forces to adjacent frames as shown in Figure 2.21. 
Figure 2.21 Cable restrainer for superstructure movement joint 
SEISMIC ISOLATION IN BRIDGE RETROFIT 
The basic principle of these techniques is to reduce the earthquake force by bearing and 
to suppress excessive displacement by damping. After KOBE earthquake (1995), the 
sei mic ba e isolation and dissipation devices like rubber bearing have been widely 
u ed and adopted to new bridges in Japan in order to improve their seismic performance 
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INTERFACIAL BOND BEHAVIOR BETWEEN 
CONCRETE SURFACE AND CARBON FIBER SHEET 
3.1 INTRODUCTION 
Application of Carbon Fiber Sheets (CFS) to damaged RC structures to improve their 
strength has become popular owing to its easy handling and its non-corrosive structural 
characteristic. However, many experimental results show that flexural failure of RC 
members glued by CFS at the tensile side are apt to occur by sudden delamination of CFS 
from the concrete surface if the applied amount of CFS is enough. This phenomenon 
indicates that the bond strength between concrete and CFS is considered as one of the 
important factors to determine the actual strength of retrofitted RC members by CFS. 
Therefore, more researches are necessary for a good understanding of the interfacial bond 
behavior of laminated RC members by CFS. 
This chapter summarizes the results of experimental and analytical inve tigation on the 
interfacial bond characteristic between concrete urface and CFS . The concept of the 
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average bond strength and the effective bond length based on the experimental results is 
described. Bond behavior between concrete surface and CFS is evaluated by laboratory test. 
A Finite Element [FE] analysis is conducted to simulate the strain distributions along the 
bonded length of CFS. 
3.2 EXPERIMENTAL PROGRAM 
3.2.1 TEST SPECIMEN 
Interfacial bond behavior between concrete surface and CFS (actually epoxy layer) was 
evaluated by laboratory test. Each rectangular concrete prism specimen had 1 OOmm width x 
1 OOmm depth x 200mm length. The two bonding faces of each prism specimen were 
prepared by grinding and cleaned, and then primer was applied to the concrete surface. 
Unidirectional CFS (lOOmm length x 37mm width) was glued with epoxy resin to bonding 
surfaces as shown in Figure 3 .1. 
200 200 
~ 1 00 -.1 f- 100 ~ 
-=:z:::cc:a::::=ll <7 (j ~ 4t¢tw x;. II •• ··· · · ... ·· ···. ·.· : < : •••• I t= c::c:l:l::=a:::ICII Jl/JJ '{!) 
"Z...__--===Co....=.F-=S'---_ 
Figure 3.1 Bond test pecimen (mm) 
- 37-
Three different types of CFS and amount of CFS were considered as main variables in this 
bond test. Table 3.1 shows the properties of the materials used. 
3.2.2 LOADING SET-UP & MEASUREMENT 
Figure 3.2 shows the loading set up. All specimens were statically loaded by load control, 
and strains of CFS were recorded during the test. The strain distribution in the CFS was 
measured by strain gages mounted on CFS at spacing of every 20mm. 
Figure 3.2 Loading set up 









Compressive strength : 32.5 N/mm2 Elastic modulus: 2.4 x 104 N/mm2 
Poisson's ratio: 0.2 
Tensile strength : 55.3 N/mm2 
Poisson's ratio : 0.35 
Weight Density Thickness 
Elastic modulus : 2.3x103 N/mm2 
Tensile Elastic Rupture 
Poisson' s 
strength modulus strain (g/m2) (g/cm3) (mm) ratio (N/mm2) (Nimm 2) (Jl) 
300 0.167 
2.53 X ]{f 1.8 3430 14900 0.22 
400 0.222 
300 1.82 0.165 2940 3.92 X ]{f 7500 0.18 
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3.3 TEST RESULTS & DISCUSSION 
3.3.1 EXPERIMENTAL RESULTS 
Table 3.2 is the summary of the bond test results. A total of eight rectangular concrete prism 
specimens were tested. Two specimens were tested for each case and 1 OOmm-bond length 
was applied to all specimens. The failure of test specimens mainly occurred by sudden 
delamination of CFS from the concrete surface before reaches its rupture strain as shown Figure 
3.3. Figure 3.4 shows the failure load versus thickness of the bonded CFS. 
It is found that the failure load increases as the thickness of bonded CFS increases. 
However, the test specimens bonded by 2 layers of HM300 CFS have about 37o/o larger 
load carrying capacity than T300 CFS even its almost same thickness. Figure 3.5 shows 
measured strain distributions developed in the CFS along the bonded length. It can be seen 
that strain distributions between concrete and CFS is not uniform along the bonded length. 
Table 3 2 Bond te t results 
Bond Section Bond Strength Te t CFS Length Area pmax (N/mm2) 
specimen (mm) (mm2) (kN) *Method 1 *Method 2 
A-1 9.1 1.23 1.14 
T300X2 12.36 
A-2 12.5 1.69 1.62 
A-3 12.0 1.62 1.57 
T400X 1 8.24 
A-4 12.5 1.69 1.65 
100 
A-5 14.0 1.89 1.38 
T400X2 16.48 
A-6 16.0 2.16 1.63 
A-7 13.0 1.76 1.23 
HM300X2 12.21 








(a) Debonding failure (b) CFS surface after debonding 
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Figure 3.4 Fail lire load vs thickness of CFS Figure 3.5 Measured strain distribution in CFS 
The bond strength/8 is evaluated by the following two methods in this study. 
*Method 1 
The average bond strength is defined as 
(3-1) / 8 = Pma.\ I 2A 
Where, P"wx : Maximum pull load, A : Attached area of CFS ( = b · L) 
L: Bonded length (=100mm), b :Bonded width (=37mm) 
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co 
If the bonded length increases, the maximum load increases in this method. However, the 
avera cre bond stren crth decreases as the bonded length increases, because the maximum load 0 b 
is not increases in proportion to the bonded length. 
*Method2 
Figure 3.6 shows measured strain distributions between concrete surface and CFS just 
before the slipping. From the measured strains of the CFS at the surface, bond stresses are 
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2~f~: b· tcfs To 
Figure 3.6 Measured strain distributions in CFS 
fix) is bond stre s occurring at x and Tcfs is the tensile force occurring in the CFS at x. 
T ==-E ·t ·b·t Lfs cfs cf s cf.v 
dT I dx ==- Ecfs ·(de I dx) · b · tcfs 
dT ==- j 8 (x) · b · dx 
f 8 ( x) ==- ( dT I dx) I b 
Therefore, the average bond trengthf8 i 
f1 ( d t ) dx I l J B = J0 E cfs · t cfs dx 
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3.3.2 COMPARISON WITH FINITE ELEMENT ANALYSIS 
Finite Element [FE] analysis using the commercial FE program ABAQUS!Standard 
(Version. 5.8 1998) was conducted to simulate the shear stres distribution aloncr the 
b 
bonded length of CFS. The concrete and epoxy resin between concrete and CFS were 
modeled using two-dimensional (2D) solid elements (CPS4 ; 4-node bilinear plane stress 
quadrilateral solid element), and CFS was modeled using one-dimen ional (lD) beam 
elements (B21 , 2-node linear beam in a plane) as shown in Figure 3.7. 
Because the failure of concrete prism specimens occurred by sudden debonding of CFS 
from the concrete surface as shown in Figure 3.3, this FE analysis does not take into account 
the non-linearity of the bond behavior between concrete and CFS, that is, perfect bond is 
assumed between concrete and CFS. Thickness of the epoxy resin is 0.5mm. The properties 










Epoxy element Concrete element 
Figure 3.7 Modeling of test specimen (by ABAQUS 5.8) 
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Figure 3.8 shows horizontal strain distributions of test specimen bonded 2layers of T400 
CFS obtained by FE analysis . Figure 3.9----3.11 show comparison of strain distributions and 
shear stress distributions in measured and FE results just before slipping, respectively. 
From the results, it can be concluded that a good correlation can be observed between 
analytical and experimental studies. However, the measured strains just before slipping 
show slightly larger than the FE results. This phenomenon seems that the nonlinear 
behavior due to the cracking of concrete or slipping of CFS may happen just before the 
failure of specimen. 
Strain tfstributions of CFS 
L 
Figure 3.8 Horizontal strain Ell developed at maximum load by FEM 
(T 400x2la yers) 
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Figure 3.9 Comparison of strain distribution in measured and FEM just before lipping 
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Figure 3.10 Comparison of strain distribution in measured and FEM at each load level 
8 .-------------------------------~ 
• FEM Tare : l. 60.'V/1iU11 2 r 
2 (N/uon ) 
6 
• !Weasw·ed tnre.• : i.62,\Vnun2 
-10 -8 -6 -4 -2 0 2 4 6 8 10 
Strain gages r-----~==============~==============~~~;-----9 concrete II '.:::,""cr·'!£1? F 
~--------
" CFS(T300x2) 
Figure 3.11 Comparison of hear tre distribution in mea ured and FEM just before slipping 
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3.4 CONCLUSIONS OF CHAPTER 3 
Experimental and analytical investigations concerning the interfacial bond behavior 
between concrete surface and CFS were discussed. The following conclu ion can be drawn 
from the study reported herein: 
• The failure of test specimens mainly occurs by sudden delamination of CFS 
from the concrete surface before reaches its rupture strain. 
• The maximum pull load increases as the thickness of bonded CFS increases. 
Also, test specimens bonded by high elastic modulus of CFS show better load 
capacity. 
• Finite Element [FE] analysis was conducted to simulate the strain distributions 
along the bonded length of CFS. The FE analysis shows good accordance to 
the experimental results, and also within the scope of this bond test, 1 OOmm 




STRENGTH IMPROVEMENT OF LAMINATED 
RCSLABBYCARBONFffiERSHEET 
4.1 INTRODUCTION 
This chapter presents flexural strength improvement of laminated RC bridge slab by CFS. 
An experimental investigation was conducted with RC bridge slab specimens under static 
loading. Section analysis based on the compatibility of deformations and equilibrium of 
forces and 2-dimensional Finite Element (FE) analysis are developed to predict the 
structural behavior of composite RC slab. 
4.2 EXPERIMENTAL PROGRAM 
4.2.1 TEST SPECIMEN 
Sixteen lab specimens were con tructed. Each test slab has a rectangular cross-section of 
370mm width, 180mm depth, and overall length of 2000mm. The test slab is almost 
identical to the real slab of a highway viaduct in terms of the amount of steel reinforcement, 
quality of concrete and the thickness of the slab. This test slab represents a part of the real 
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slab with the same flexural moment capacity. Two different types of anchor were used in 
this test. Details of the test slabs are shown in Figure 4.1. 
As' (D16) =7.94cm2 (P ' =1.63o/c) 
100 3@50=150 15@ 100=1500 3@50=150 100 
....... 1 ....... 1 .... 
_ ••• J ...... ........t ........ 
....... ... .... ~ r ~ ,. ~,. 
l't 
.. 
~\__ Dl '\ SD295 Dl3 SD295 6 
Stirrup (D13) =2.53cm2 (P' =0.68%) As (Dl6) =7.94cm2 (P =1.63%) 
(a) Before casting (b) After casting 
Figure 4.1 Detail of test specimen (mm) 
4.2.2 MATERIAL PROPERTIES 
+ Concrete: Ready-mixed concrete was used for all test slabs. The concrete had a 
water-cement ratio of 0.45 by weight, and the maximum aggregate size was 20mm. 
The average 28-day concrete compressive strength was 39.2 N/mm2 and elastic 
modulus was 2.52xl04N/mm2. All test slabs were cured over 28 days prior to 
testing. 
+ Steel reinforcement: Three samples of each material were tested under uniaxial 
tension. The average mechanical properties are shown in Table 4.1. 
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Table 4.1 Properties of steel reinforcement 
Steel reinforcement Section area Yield strength Yield strain Elastic modulus (cm2) (N/mm2) (J.i) (N/mm2) 
Longitudinal 
1.986 341 1820 2.06x 105 
reinforcement D16 
Stirrup D13 1.267 374 1950 1.96x 105 
• Adhesive: The adhesive used was composed of two-component, which are primer 
and epoxy. 
T bl 4 2 P f . a e ropertles o pnmer 
Contents Test method Test Unit Standard Measured 
condition value value 
Viscosity JIS K 6833 25°C mPa·s 1500+300 1500 
Specific gravity JIS K 7112 20°C 1.10+300 1.15 
Compressive 
JIS K 7208 20°C, 7 B N/mm2 Over 58.8 72.2 strength 
Elastic modulus JIS K 7208 20°C, 7 B N/mm2 9.8 X 103 15.8 X 103 
Flexural strength JIS K 7203 20°C, 7 B N/mm2 Over 19.6 31.4 
Tensile strength JIS K 7113 20°C, 7 B N/mm2 Over 19.6 23.1 
T bl 4 3 P a e f ropertles o e_Rox_y 
Contents Test method Test Unit Standard Measured 
condition value value . 
Viscosity JIS K 7117 20°C mPa·s 20000+7000 24000 
Specific gravity JIS K 7112 20°C 1.15 +0.05 1.18 
Compressive 
JIS K 7208 20°C, 7 B N/mm2 Over 68.6 90.0 strength 
Elastic modulus JIS K 7208 20°C, 7 B N/mm2 1.95 X 103 2.65 X 103 
Flexural strength JIS K 7203 20°C, 7 B N/mm2 Over 58.8 79.5 
Ten ile trength JIS K 7113 20°C , 7 B N/mm2 Over 29.4 47.0 
• Carbon Fiber Sheet [CFS]: The unidirectional CFS was used for strengthening 
provided by Nippon oil company. The CFS has a linear stress-strain behavior and its 
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material properties, as supplied by the manufacturer, are shown in Table 4.4. 
Table 4.4 Properties of CFS 
Weight Density Thickness Tensile Elastic Rupture CFS Type (g/m2) (g/cm3) (mm) strength modulus strain (N/mm2) (N/mm2) (J.i) 
T200 200 0.111 
T300 300 1.8 0.167 3430 2.53 X 105 14900 
T400 400 0.222 
HM300 300 1.82 0.165 2940 3.92 X 105 7500 
4.2.3 STRENGTHENING OF CFS 
To ensure a good bond between concrete and CFS, the surface of the test slabs were cleaned 
and sanded to obtain a rough surface, and then primer was applied in the bonding surface of 
the beam with roller brush. After the primer cured, a coat of epoxy resin was applied onto 
the concrete surface. The CFS, previously cut to the required dimensions, was positioned 
on the prepared concrete surface, and an epoxy resin was applied. A similar procedure was 
repeated while applying additional layers. The CFS was glued at the bottom of the test slab 
with normal (NA) or perfect anchoring (PA) as shown Figure 4.2. After the CFS was 
bonded, 7 -day resin curing was performed at ambient conditions. 
RC Slab RC Slab 
(a) Normal Anchor (NA) (b) Perfect Anchor (PA) 







Primer ~~:;:;;;~~--~~_ .. ,_ 
Concrete -2~¥.f-~~~·;~~~ 
Figure 4.3 Strengthening procedure of a test slab 
4.2.4 LOADING SET UP 
Figure 4.4 shows the loading set up. Flexural static test with 6.1 shear-span ratio (a/d) was 
conducted under four-point flexural load. All test slabs were simply supported and 
subjected to two concentrated loads symmetrically placed about the mid-span. The load 
was applied u ing a 2000kN capacity universal testing machine. Load-cell connected to the 
data acquisition system was used to measure the applied load. 
aid= 6.1 
200 II Epoxy resin }so 
a= 800 
III-I ~ CPS 1800 2000 
Figure 4.4 Loading et -up 
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4.2.5 MEASUREMENT & TEST PROCEDURE 
Measurement of the strain and displacement of the test lab wa performed throughout the 
experiments. At various positions along the labs pan, electrical re istance train gauges 
were attached to measure the strains on the tensile reinforcement, the bottom of the CFS 
and the extreme compression face of the test slab as shown in Figure 4.5. 
The deflection was also measured by Linear Variable Displacement Tran ducer (LVDT) 
placed at the center of the slab. The all test slabs were incrementally loaded with a uniform 
rate ( · . 1 OkN/minute) up to failure and after each increment of load, the strain and 
deflections were measured by a data acquisition system. The test slabs were painted before 
testing to facilitate the observation and marking of crack propagation during the test. 
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(b) Position of strain gages 






4.3 TEST RESULTS & DISCUSSION 
Table 4.5 shows the static test results obtained from experimental study. 




































































failure (!J.) (mm) 
8.0 35 
5760 (38.7)* 9.8 32 
5990 (40.2) 10.3 40 
6600 (44.3) 9.1 28 
5650 (37.9) 9.1 30 
7820 (52.5) 10 60 
7310 (49.1) 9.4 30 
6000 (40.1) 10 28 
9950 (66.8) 10.6 85 
7400 (49.7) 11.0 55 
9420 (63.2) 9.1 72 




5730(76.4) 10.1 32 
*( )* : the ratio of CFS train at failure to its rupture strain in %. 

















Figure 4.6 how the typical failure pattern. When loaded, the control lab developed 
flexural crack in the con tant moment region at load lightly below 25kN. At loads near 
-53-
75kN, the tensile steel reinforcement yielded. Finally, the control slab failed in flexure due 
to crushing of the compression concrete at loads of nearly 91kN. The failure procedure of 
retrofitted test slab by CFS are regarded as follows. First, after occurring the fir t cracks in 
the concrete, the stiffness was reduced. From that time, the tensile teel and CFS were 
beginning to receive the additional load directly, and the behavior of the e materials were 
almost linearly continued until the tensile steel wa yielded nearly the strain of 
2000J.1 (2000x 1 o-6). After yielding of the tensile steel, with the additional changes of 
stiffness and deflection, CFS only received the additional tension stre 
After all, the failure of retrofitted slabs mainly occurred by debonding of interface between 
concrete and CFS, and the large deflections were continuously taken place in the slabs. 
While, the place where shear force is zero, CFS was still attached in the concrete. From 
the test results, it seems that the bond strength between concrete and CFS i one of the 
important factors to decide the actual behavior of the retrofitted RC members by CFS. 
Figure 4.6 Typical failure pattern of laminated test slab 
4.3.2 LOAD -DEFLECTION RELATIONSHIP 





Control (without CFS strengthening)) 
0 ~--------._--------~--------~--------~ 
0 20 40 60 80 
displacement at the span center (mm) 
Figure 4.7 Load-displacement relationship 
4.3.3 LOAD- STRAIN RELATIONSHIP 
Figure 4.8 shows the variation of compressive strain in concrete and tensile strain of steel 








-4000 -2000 0 2000 4000 6000 8000 
Figure 4. Load- train relation hip (SA-6 lab: T300 x 2layers) 
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4.3.4 EFFECT OF FLEXURAL STRENGTH IMPROVEMENT 
Figure 4.9 shows strength improvement due to CFS . Strength ratio i the ratio of flexural 
strength of retrofitted slab to control slab. All te t lab retrofitted with CFS how 
significant increases in ultimate flexural strength as compared to the control slab. Retrofit 
of the test slab with 2 layers of T400 CFS improved the flexural strength over 2 times. 
Control T300x1 T400x1 T300x2 T400x2HM300x2 
Acfs(cm 2 ) (0.618) (0.821) (1.235) (1 .643) (1.221) 
Figure 4.9 Strength improvement due to CFS 
4.3.5 EFFECT OF ANCHORING SYSTEM 
Energy-absorbing characteristics of test slab denoted by ductility i developed to investigate 
the structural behavior between two anchoring styles. In this research, the Ductility Index 
(Dl) is obtained by following definition. 
Ductility Index(Dl) = 
Here, Deflection ductility = ~/ ~· 
Deflection ductility of retrofitted slab 
Deflection ductility of control slab 
8Y is the deflection at the span center when the re-bar yielded 
8u is the deflection at the span center when the applied load dropped down 
to the level of yielding load from the maximum 
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From the results, Perfect Anchoring (PA) contributes to the improvement of the slab 
ductility as shown in Figure 4.10. This fact should be taken into consideration for the 
practical application. However, there was almost no difference in load carrying capacity 
between two anchoring types. 
CFS 
1 I PNA ll 11 







1  u T300x2 
I I 
T400x1 II ·u 
T I 
If {l 
ll u T300x1 
1/ o/ / 7 17 
0.00 0.50 1.00 1.50 2.00 
(Control Slab) Dl 
Figure 4.10 Ductility improvement due to anchoring 
4.3.6 STRAIN OF CFS AT THE FAILURE 
In proportion to the amount of CFS, the strain of CFS at the failure was increased. 
However, the strain level developed in CFS at the failure was much lower than its rupture 
strain. Therefore, the improvement of bond strength between concrete and CFS may 
increase the flexural strength of the slab more. 
Rupture strain of CFS c max = 14900 fJ. 
••••• ~ ............ . ~ ·····························~ .2 
• 
.2 
0.618 0.821 1.235 1.643 
1 X TJOO 1 X T400 2 XTJOO 2XT400 
,.. 
Figure 4.11 Strain of CFS at the failure 
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4.4 ANALYTICAL STUDY 
4.4.1 SECTION ANALYSIS 
Analytical model (R. Park, 1975) based on the compatibility of deformations , 
equilibrium of forces and rational stress-strain relationship for materials is investigated 
to predict the structural behavior of laminated RC slab by CFS . This model takes into 
account the nonlinear properties of concrete in compression, the tensile strength of 
concrete. 
ASSUMPTIONS 
The following assumptions are used in this analytical investigation. 
1. Linear strain distribution through the depth of the cross section 
2. Perfect bond between steel reinforcement and concrete, and concrete and CFS 
STRESS-STRAIN RELATIONSHIPS FOR MATERIALS USED 
The stress-strain relations for the concrete, steel reinforcement and CFS are shown in 
Figure 4.12. 
• CONCRETE 
The stress-strain curve defined by the Japanese Society of Civil Engineers (JSCE) 
Design Code 1996 is used for compressive portion of concrete. The compressive 
strength of concrete fc" is 39.2Mpa. For the tension portion of the concrete is 
assumed linear up to a tensile strength frc which is 3.3Mpa. The elastic modulus of 
concrete in compression and tension is 25 .2Gpa . 
• STEELREINFORCEMENT 
The stress-strain curve for the steel reinforcement is assumed to be elastic-plastic 
and similar in both tension and compression. The yield strength and elastic modulus 




The stress-strain curves for the CFS is assumed to be linear elastic until failure stress. 
The tensile strength and elastic modulus of CFS are 3430Mpa and 253Gpa, 
respectively. 
fc + 0 ss:+ " ec 2 ec 
Jc = . 'Jc X 0.002X( - 0.00f 
0.85 fc .. ............... ············ ··~·· ----
0.002 0.035 cc 
(a) Concrete 
E~y = E.r/1000 fcts ························· 
E_l=0.0017) 
(b) Steel reinforcement 
(Compression & Tension) 
cc._fs(=0.015) 
(c) CFS 
Figure 4.12 Stress-strain relations for materials used 
SECTIONANALYSIS PROCEDURE 
Figure 4.13 hows cross section of composite slab with strain, stress and force 
di tribution. Thi theoretical approach assumes that failure is reached when either the 
strain in the extreme fiber of concrete in compression ccc is reached the value of 0.0035 
or the CFS reaches its ultimate train. The full calculation procedure is summarized as 
follow ; 
b 0.85fc" 
Q 0 0 
Y. 
h' h d Ac. 
6 
Ars)... 
0 0 0 J,s ........ . 
fc.ts ....... .. 
Section Strain Stress Force 
Figure 4.13 Cro s ection with train, tre and force distribution 
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1. The strain in the extreme fiber of concrete in compression £ cc increased until 
failure is reached. 
2. The strains in tensile concrete, steel reinforcement and CFS are determined from 
the strain distribution along the slab depth. 
Strain of concrete in tension £1c 
Strain of steel in compression £ cs 
Strain of steel in tension c15 
Strain of CFS ccf.i· 
e tc = C CC ( h - X) I X 
ccs = Ccc (X - d ') I X 
£1s = £cc ( d- x) I x 
c,fs = Ccc ( h 1 - X) I X 
3. The stresses in concrete, steel reinforcement and CFS are then calculated u ing 
the stress-strain relationships for each material. 
Stress of concrete in compression fcc 
< f. =0.85!/' x~x(2-~) If, CCC = 0.002 => cc c 0.002 0.002 
If, 0.002 < ccc < 0.0035 => fcc= 0.85 h-e" 
Here, 0.85 f.. .. is strength of concrete in a member 
Stress of concrete in tension frc 
=> Crack happen 
Stress of steel in compressionfcs 
Stress of steel in tension frs 
Stress of CFS f. .1., 
- 60-
4. Therefore, the forces acting on the cross section of composite slab are found by 
multiplying the each stress by their corresponding area. 
" Compressive force in concrete Cc c c = a0.85fc bx 
Tensile force in concrete Tc Tc =Ec £cc b(h -x) 2 12x 
Compressive force in steel Cr c ( = Ecs £ccAcs ( x-d' )lx 
Tensile force in steel 7.~ Ts = EIS CCC AIS (d- x) I x 
Tensile force in CFS Tcfs TLj~· = Ecfs Ccc b f ( h ' - X) I X 
For any given concrete strain 1n the extreme compression fiber Ecc' the 
compressive force in concrete and its position can be defined by mean stress 
factor a and centroid factor y. The a is used to convert the nonlinear stress-
strain relationship of concrete into an equivalent rectangular stress-strain 
relationship. This value can be calculated by using the area under stress-strain 
curve of concrete as follows; 
l.f 0 < < 0 002 CCC . 
a= 
if 0.002 < CCC < 0.0035 
f c"" foccu 
a 0 
0.85! c" de cc dccc 
= = I 0.85f c '' ccu 8 cu 
On the other hand, the position of concrete compressive force Cc acting at 
distance Y.'t can be calculated as follows~ 
- 61 -




f£m J•E C/1 Jo f cc £ cc dc cc = (1- Y) £cu 
0 
f cc dc cc 
JEcu fc '' £ cc de cc 
r = 1--o~---------
Ecu s:cu fc" dccc 
< CCC < 0.002 
3 2 C CII 
0.002 
( - -
r = 1- 3 3 
ccu (1 -
0.002 
= 1- iEcu 0 ' ' Ecc Ecc .85fc --[2---] Ecc dccc 0 0.002 0.002 
iEn, '' Ecc Ecc Ecu 0.85fc --[2- --] dccc 0 0.002 0.002 
1 ccu 
( 12 .c~: 1002 ) 4 ·0.002) 3 
= 
ccu 1 - ( CCII ) 
3 ·0.002) 3·0.002 
0.002 < CCC < 0.0035 
lEcu 0 0.85! c" £cc dccc 1 r 1 - = -
lEcu 2 
ccu 0 0.85J c" d£ cc 
5. The location of the neutral axis x is obtained from the equilibrium of internal 
forces acting on the cross section. 
C c + C s + Ts + Tc.fs = 0 
6. The resisting moment is calculated as follows; 
7. The curvature at center span is 







9. The deflection of center span loaded as shown in Figure 4.5 is 
Here, L: Length of the span (=1800 mm), a: Shear span(= 800 mm) 
10. The concrete strain, at the extreme compression fiber Ecc is increased 
incrementally and the previous steps are repeated to obtain above values. 
COMPARISION BETWEEN ANALYTICALAND EXPERIMENTAL RESULT 
A comparison of measured and analytical results based on the compatibility of 
deformations and equilibrium of forces indicated that the behavior of retrofitted slab can 




















10 20 30 40 50 
P (kN) 
, .~~\ /" 
,_; 
..j!/~ 
,-f \ I \ ~ I 
! 
rf T300 x 2layers 
/ 
I; 8 (mm) 
10 20 30 40 








120 - P(kN) 
Concrete 
., 'I' 
• \ : 

















T400 x 2layers 
£(f.1) 
5000 10000 
Figure 4.15 Load- strain curves at the span center 
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Figure 4.16 Moment- curvature curves at the span center 
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4.4.2 FINITE ELEMENT ANALYSIS 
A numerical analysis using Finite Element Method (FEM) was performed to compare 
the experimentally obtained data. The ABAQUS I Standard (Ver. 5.8, 1998) FE 
commercial analysis program was used to simulate the structural behavior of laminated 
composite slab. 
MATERIAL PROPERTIES 
The mechanical properties of concrete, steel reinforcement, epoxy resin and CFS are 
reported in Table 4.6. 
Table 4.6 Properties of materials used in FE analysis 
Steel 
Material properties Concrete 
reinforcement 
Epoxy resin CFS 
Elastic modulus 
2.52 X 104 2.06 X 105 2.5 X 103 2.53 X 105 (N/mm2) 
Poi son ' s ratio 0.2 0.3 0.35 0.26 
Compressive strength 
40 - - -(N/mm2) 
Yield trength 
- 341 - -(N/mm2) 
Tensile strength 
- - 30 3430 (N/mm2) 
FINITE ELEMENT MODELING 
+ Concrete 
In order to perform the nonlinear behavior of RC structure, the concrete model in 
ABAQUS require three ub-options, which are ELASTIC, CONCRETE and 
TENSION STIFFENING option . The ELASTIC and CONCRETE options are u ed 
to define ela tic and pla tic propertie of concrete, re pectively. 
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The behavior of RC structure after cracking, TENSION STIFFENING option can be 
used. Effects associated with the interface between steel reinforcement and concrete, 
such as bond slip and dowel action, are also approximately modeled by thi option. 
The concrete was modeled using two-dimensional (2D) olid element (CPS4,· 4-
node bilinear plane stress quadrilateral solid ele1nent) in this tudy. 
+ Steel reinforcement 
In ABAQUS steel reinforcement in concrete member can be defined by REBAR 
option. This option defines the steel reinforcement as uniformly spaced layer , 
which are treated as a smeared layer with a constant thickness equal to the area of 
each steel bar divided by the spacing of steel bar. In this analysis elasto-plastic 
material behavior was assumed. 
+ Epoxy resin 
The epoxy resin between concrete and CFS was modeled using two-dimensional 
(2D) solid elements (CPS4; 4-node bilinear plane stress quadrilateral solid 
element). 
+ CFS 
The CFS was modeled using one-dimensional (lD) beam elements (B21, 2-node 
linear beam in a plane), and a linear-elastic material behavior was assumed. 
Due to the symmetry of the slab, only half of the slab was analyzed with appropriate 
constraints at the centerline as shown in Figure 4.17. Also, a perfect bond between 
concrete and CFS was assumed in this study. A numerical simulation was conducted in 




Figure 4.17 FEM modeling of retrofitted slab 
COMPARISION WITH EXPERIMENTAL RESULTS 
The load-displacement and strain curves obtained from ABAQUS are compared with the 
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Figure 4 .18 Configuration of displacement obtained from ABAQUS 
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Figure 4.19 Comparison of experimental and FEA results in load-displacement 
From the results, the numerical solution is slightly stiffer than the experimental values . 
The differences in the experimental and analytical results may be result of ABAQUS 
approach to RC modeling. Cracking is a major factor contributing to the nonlinear 
property of RC members. In experiment, cracks propagated and widened as the load 


























( T300 x 2, NA ) 
,__---;ension steel 
• FEM Experiment 
2000 4000 6000 8000 10000 
Figure 4.20 Comparison of load-strain curves in tension steel reinforcement 
Al o, the transfer of forces between the concrete and steel by bond is of fundamental 
importance to RC behavior ince the location, spacing and width of cracks, internal 
di tribution of force , and the effective stiffne and trength of the member relate 
directly to the characteri tic of the interface. ABAQUS as umes perfect bond between 
the concrete and internal steel reinforcement. 
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Effects associated with the interface are considered by modifying orne a pects of the 
concrete behavior, for example by reducing the amount of tre transferred by the 
reinforcement to the concrete between flexural cracks. However, it ha been found that 
this makes more complicate to obtain converged analytical elution . 
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Figure 4.21 Comparison of load-strain curves in compre sive concrete and CFS 
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Figure 4.22 shows the horizontal strain Ell at the last load increment of the analysis for 
retrofitted slab. The bottom fibers at span center of the slab are subjected to large strain. 
SECTION POHrr 1 Maximum value 
Min i mum value 
4. 8456E-03 at node 
-2.5967E-03 at node 
1021 
19 Ell VALUE 
·l. 60£-0) 
2 OlE-O) 
·l. 43E OJ 
_, 79E-04 




• 1.9RE-O J 
•2 .36!·0) 
•l . llE·Ol 
•l 10E-03 
.. 4 . 21!-03 
.. R5E-0) 
DISPLACEMENT MAGNIFICATION FACTOR= 13.0 
RESTART FILE = c fs3g STEP 1 INCREMENT 19 
TIME COMPLETED IN THIS STEP 0.758 TOTAL ACCUMULATED TIME 
ABAQUS VERSI ON: 5.8-1 DATE: 15-DEC-1999 TIME: 17:40:04 
0.758 
Figure 4.22 Horizontal train Ell at the maximum load for retrofitted slab 
(T300 x2layers) 
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4.5 ONCLUSIONS OF CHAPTER 4 
Based on the experimental and analytical results presented herein , the following 
conclusions can be drawn. 
• Failure of the test slab occurred immediately after delamination of CFS from 
concrete and crushing of concrete in the compression zone followed at the same 
time. At this time, the strain level developed in CFS was much lower than its rupture 
strain. Therefore, improvement of bond strength between concrete and CFS is 
expected farther improvement of the flexural strength of the slab. 
• Good anchoring of CFS to the slab surface improved the ductility of the retrofitted 
slab. This fact should be taken into consideration for the practical application. 
However, there was almost no difference between normal and perfect anchoring in 
the load carrying capacity. 
• The flexural strength of the retrofitted test slab increases in proportion to the amount 
of CFS. Retrofit of the test slab with 2 layers of HM300 CFS improved the flexural 
strength over 2.4 times. 
• The section analysis based on the compatibility of deformations and equilibrium of 
forces, and FE analysis results show good accordance to the experimental results in 




FATIGUE BEHAVIOR OF RC& CARBON FIBER SHEET 
COMPOSITE SLAB UNDER LARGE REPEATED LOADING 
5.1 INTRODUCTION 
Fatigue behavior has become an important consideration in the design of bridges, pressure 
vessels, cranes, and other engineering structures. Reinforced Concrete (RC) structures in 
civil engineering, such as bridge decks, may be subjected to this fatigue loading. Recently 
owing to the increasing of traffic and heavy traffic loads, cracking damages to RC bridge 
slabs have been found in many highway as shown in Figure 5.1----5.2 .. 
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*Md is design bending moment 
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Figure 5.3 Car survey result in a highway 
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Figure 5.3 shows a survey result of the number of cars and the weight passed at a section of 
a highway during continuous 24 hours. According to the result, most of the cars passed 
through the section gave a bending moment less than the design value to the bridge slab. 
On the other hand, some cars gave a large bending moment up to 4.5 times of the design 
value. This excess loading is considered to be the main reason of the cracking damage of 
highway bridge slab. 
In order to compensate for these disadvantages, the use of CFS has an advantage over steel 
plate due to it ea y application owing to the lightweight, high tensile strength and good 
flexibility. Through the recent researches and applications to the practical cases, CFS has 
been successfully acknowledged a a reinforcing material to make structures more durable 
and safer. Many researchers have tudied the structural behavior of laminated composite 
RC member on flexure and hear trengthening. 
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However, the fatigue behavior of RC slab laminated by CFS has not been reported o much. 
The aim of this chapter is to clarify the fatigue behavior of RC bridge slab laminated by 
CF S. particularly under very large repeated loading. 
5.2 EXPERIMENTAL PROGRAM 
5.2.1 TEST SPECIMEN 
The test slab is almost identical to an existing slab of a highway in term of the amount of 
reinforcement, quality of concrete and thickness of the slab, which is 18cm. Only one 
directional flexural behavior of the slab is tested. The test slabs are loaded in dry or wet 
condition. Some of the test slabs are damaged under the repeated load and retrofitted by 
CFS, then loaded again to see the improvement of the fatigue life. 
As' (D16) =7.94cm2 (P' =1.63%) 
100 3@50=150 15@100=1500 3@50=150 100 
.... "r. ..... J ... .. _L. .... _L ..... 





D16 SD295 D13 SD295 
Stirrup (Dl3) =2.53cm2 (P' =0.68%) As (Dl6) =7.94cm2 (P =1.63%) 
Figure 5.4 Detail of test specimen (mm) 
5.2.2 RETROFITTING OF CARBON FIBER SHEETS 
According to Figure 5.1, cracks develop both in the parallel and perpendicular direction of 
a slab. Therefore, CFS should be applied in the both directions to retrofit the slab efficiently. 
However, only one directional flexural behavior was studied in this research . The CFS was 
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glued at the bottom of the test slab with normal (NA) or perfect anchoring (PA) as shown in 
Figure 4.3. Normal type of CFS with 300g/m2 (T300), 400g/m2 (T400) and high-elastic 
modulus type of CFS with 300g/m2 (HM300) were used for the strengthening. 










Compressive strength: 39.2 N/rnm2 Elastic modulus : 3.92x104 N/mm2 
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Elastic modulus : 2.3x103 N/mm2 Tensile strength : 55.3 N/mm2 
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5.2.3 LOADING SET UP & MEASUREMENT 
Flexural fatigue ·te t with 6.1 shear-span ratio (aid) was conducted under four-point flexural 
cyclic load. All te t slabs were simply supported and subjected to two concentrated loads 
ymmetrically place,d about the mid-span as shown in Figure 5.5. Repeated load 
corre ponding to 3 .0, 4.5 or 6.0Mct, which is the design bending moment was applied to the 
te t lab with 1.0 Hz a shown in Figure 5.6. Measurement of the strain and displacement of 
the te t lab wa performed under tatic load after certain cycles of repeated loading. The 
magnitude of the tatically applied load was limited up to the same magnitude as the 
pre ent repeated load. 
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(a) Dry condition (b) Wet condition 
Figure 5.5 Loading Set-up 
Load 
Repeated pmax pmin 
load (kN) (kN) 
3.0Mct 78.4 4.6 
4.5Mct 117.7 4.6 
6.0Mct 156.9 4.6 
0 1 TIME (sec) 
Figure 5.6 Applied Load History 
5.3 TEST RESULTS & DISCUSSION 
5.3.1 FLEXURAL FATIGUE TEST RESULTS 
Table 5.2 shows the static test results obtained from experimental study. Figure 5.7 shows 
the typical failure pattern. Failure occurred immediately after debonding of CFS from 
concrete and crushing of concrete in the compression zone followed at the arne time. This 
failure pattern indicates that the bond strength between concrete and CFS is one of the 
important factors to decide the actual strength of the retrofitted slab . 
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FD* 1 -1 3.0Mct 
FE* 2 - 1 3 .OMct 
FF*3 - 1 3.0Mct 
SG-0 
FG-1 
FG - 2 





Before repeated After repeated 
loading loading 
nmax = 4.6 X 105 (Dry condition) 
nmax = 3.3 X 105 (Wet condition) 
9.50 X 105 
6.60 X 104 
7.63 X 102 
over 5.0 x 106 
3.03 X 105 
2.10 X 104 
over 2.0 x 106 
4.30 X 105 
2.76 X 104 
over 2.0 x 106 
over 2.0 x 106 
over 2.0 x 106 
over 3.0 x 106 
over 3.0 x 106 










• Mct =The design flexural moment, which corresponds to 10.9 kN · m for the test slab. 
• M of the control- slab without CFS was 36.7 kN · m (= 3.37 Mct) max 
• * l: FD-lslab was loaded until n = 2.3xl 05 (50o/o of nmaJcycles before retrofitting by CFS 
• *2: FE-lslab was loaded until n = 4.2xl 0:-~ (90o/o of nmax)cycles before retrofitting by CFS 
• *3 : FF-1 slab wa loaded in wet condition 
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The control slabs without CFS retrofitting failed at 4.6xl05cycles in dry condition and 
3.3x105cycles in wet condition both under 3.0Mct. The FB-1 and FC-1 slabs retrofitted by 
2layers of T400 CFS both under the load of 3.0Mct did not fail at the specified cycles. 
They were loaded statically until failure. After static test, FB-1 slab maintained 93 o/o of the 
initial flexural strength even after application of 5.0million cycles of the 3.0Mct . However, 
the other test slabs retrofitted by 2 layers of T400 CFS failed under the repeated load of 
4.5Mct 
Even badly damaged slab recovered its fatigue strength by the application of CFS . The test 
slabs FD-1 and FE-1 were loaded up to 50% or 90% of the failure cycles number of control 
slab. Then, they were retrofitted by 2 layers of T400 and again loaded by 3.0Mct. After the 
application of 2.0million cycles, they did not fail by fatigue and possessed enough flexural 
strength. 
Fracture qj' edge 
(a) FA-1 Slab (T300x 2layers) (b) FG-3 Slab (HM300x 21ayers) 
Figure 5.7 Typical failure by debonding 
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The test slab FF-1, on the other hand, was retrofitted by 2layers of T400, and then 
submerged for one month before loaded. Prior to repeated loading, this slab was wound by 
a vinyl wrapper to prevent evaporation of water and to conserve the wet condition during 
the test. Due to the application of CFS, this slab did not fail by fatigue and increased its 
fatigue life from 0.33millions cycles to over 2.0million cycles. 
Especially, the high elastic modulus type of CFS exhibited a significant effect to fatigue 
behavior and restraint of deflection as shown in Figure 5.8. The test slab FG-2 strengthened 
by 2layers of HM300 CFS still maintained almost the same flexural strength even after the 
application of 3.0million cycles of 4.5Mct. Therefore, this amount of CFS is recommended 
to retrofit of highway bridge slab. Figure 5.9 and 5.10 show load-deflection and load-strain 
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d1d not failure by fatigue 
more than 5.0 x10 6 
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(a) Control slab 
fatigue failure P 




4 8 C>(mm) 0 
(C) FA-1 slab (T300 x 2layers) 
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C>(mm) 
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(b) FB -1 slab (T 400 x 2la yers) 
fatigue failure 
at 6.6 xl0 4 
4 8 C>(mm) 12 
(d) FA-2 slab (T300 x 2layers) 
20 40 
fatigue failure 
at 2.1 x10 4 
C>(mm) 
60 
(f) FB-3 slab (T400 x 2layers) 
Figure 5.9 Load- deflection curves at the span center 
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Concrete P (kN) 
Steel 
Strain( J1 
-3000 -2000 -1000 0 1000 2000 3000 
(a) Control slab 
Concrete p (kN) Steel CFS 
41 it • 
; r ' 
* 4 t'! 
Strain( J1) 
-3000 -2000 -1000 0 1000 2000 3000 
(b) FB-2 slab (T400x2 layers) 
P (kN 
Concrete 
-4000 -2000 0 
Steel 
2000 4000 6000 8000 
(c) FA-3 slab (T300x2 layers) 
Figure 5.10 Load- strain curves at the span center 
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Figure 5.11 shows the S-N curves for the test slabs. The slabs retrofitted by 2 layers of 
T300 CFS failed by fatigue even under the load of 3Mct. However, the slab retrofitted by 
2layers of T400 CFS did not fail by fatigue under the load of 3.0Mct, and had more than 
10times longer fatigue life compared to the control slab. In anchoring system, there was 
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Figure 5.11 S-N curves of retrofitted slab 
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5.3.2 LOSS OF FLEXURAL STIFFNESS DUE TO FATIGUE 
Figure 5.12-- 13 show the variation of the flexural stiffness due to fatigue. The flexural 
stiffness of the test slab after each cycle of repeated loading is evaluated as follows: 
+ Before loading (El )0 = based on the gross section 
+ After loading 
Where, 8: Deflection at the slab center, L: Length of the span ( = 1800 mm) 
a: Shear span(= 800 mm) 
The stiffness of the slab retrofitted by 2layers of HM300 CFS dropped to 62o/o of the initial 
value under the application of the static load of 3Md. However, the loss of the stiffness 
under the repeated loading was gradual and even after the 3.0rnillion cycles of 3Md loading, 
the slab still maintained 76o/o of the initial stiffness value just after the static loading of 
3Md. 
On the other hand, the test slab FE-1 damaged up to 90% of the failure cycles number of 
control slab recovered its flexural stiffness up to 50o/o due to the application of 2layers of 
T400 CFS. This slab· also still maintained 71% of the initial recovered stiffness value after 
the 2.0rnillion cycles of 3Md loading. Therefore, it is still significant to retrofit a RC bridge 
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Figure. 5.12 Degradation of stiffness due to fatigue 
• after strengthening by CFS 
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Figure. 5.13 Stiffness recovery due to CFS 
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5.4 ASSESSMENT OF CUMULATIVE FATIGUE DAMAGE 
5.4.1 TOTAL DISSIPATED ENERGY CAPACITY 
The energy dissipation characteristic of a laminated RC slab by CFS is investigated. The 
total dissipated energy capacity E,orat gained from the total area under the load-deflection 
curve (P-5 curve) as shown in Figure 5.14 is defined as follows; 
E z = E t .+ Et . tota me astLc e astLc 
Where, Einetsric is the inelastic energy cumulated before failure 
Eetasric is the elastic energy released at failure 
P(kN) 
80 ( 400 X 2 , 3.0M d ) 
40 
0 2 4 6 o (mm) 8 
Figure 5.14 Definition of total dissipated energy capacity E wwt 
Figure 5.15 how the total dissipated energy capacity E,mat during repeated loading. The 
effect of CFS on the total di ipated energy capacity is very similar to that on fatigue life. 
It can be seen that the variation of the total energy is dependent on the CFS . In other words. 
the total energy di sipation capacity of retrofitted slab under repeated loading is increased 
with the increase of the amount of CFS. 
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However, FB and FC slabs retrofitted by 2layers of T400 CFS with different anchoring 
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Contr FA-1 FA-2 FA-3 FB-1 FB-2 FB-3 FC-1 FC-2 FC-3 FG-1 FG-2 FG-3 
ol 
DE elastic 0.230 0.233 0.469 0.860 0.177 0.393 0.684 0.147 0.375 0.823 0.174 0.445 0.721 
0£ inelastic 0.195 0.232 0.298 1.338 0.222 0.488 0.762 0.184 0.356 0.842 0.092 0.426 0.580 





On the other hand, within the scope of this research, the most significant factor contributing 
to the total energy capacity is elastic modulus of CFS. For example, FA-1 slab retrofitted 
with 2 layers of T300 CFS failed at 0.95million cycles with the inelastic cumulative energy 
of0.232kN·m. 
But, FG-1 slab retrofitted with 2 layers of HM300 CFS possesses about 2.5times less 
inelastic energy 0.092kN · m even after the application of 3.0million cycles of the same load 
level. This phenomenon indicates that the high elastic modulus type of CFS gives a much 
significant effect on delaying the rate of the fatigue damage accumulation. 
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It may be also supposed that the amount of the elastic energy E etstic released at failure 
increases due to the increase of the elastic modulus of CFS. But, because of the limited data 
obtained so far, it is premature to explain clearly. Further experimental investigations are 
needed to validate the real phenomenon of laminated composite members on dissipated 
energy capacity. 
5.4.2 PROGRESSIVE ACCUMULATION OF DAMAGE 
An energy-based damage index D (E) defined as Eq.1 is introduced to evaluate the 




0 ~ D (E) ~ 1 
Where, M 11 :Cumulative energy up to nth cycles due to fatigue (From P-8 curve) 
m : Number of cycle up to failure 
E Frotat : Total energy capacity due to fatigue ( = £total - £ initial ) 
£initial 
E,nirial: Dissipated energy after the initial static loading 
Fatigue failure occurs when the value of the cumulative damage index D (E) approaches 
unity (=1). Figure 5.16 indicates the process of cumulative fatigue damage of test slabs 
retrofitted with T306 CFS. The cumulative damage index D (E) is expressed as a function 
of the cycle ratio n/N, where n is a certain number of cycle and N is the maximum number 
of cycle at failure. 
A straight line dotted means a linear cumulative damage hypothesis proposed by Palmgren-
Miner. In this hypothesi , the failure of structural member will occur when the sum of the 
n/N, ratios for the various applied tress ranges equal unity ( = 1) as follow ;. 
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Where, n, = number of cycles of stress range i 
N, = number of cycles to failure of structural member in tress range i 
The control slab without CFS was tested under the load of 3.0Mct. The cumulative energy 
gradually increases with the increase of the number of load cycles. It can be seen that the 
value of the damage index D (E) increases with a higher rate during a few initial cyclic 
loading, and then gradually increases up to failure. Also, the degree of non-linearity in the 
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Figure 5.16 Non-linear cumulative fatigue damage curves 
1.0 
After all, the damage accumulation curves for all test slabs deviate from linearity, 
specifically under large repeated loading. This means that Palmgren-Miner's linear damage 
accumulation hypothesis is not directly applicable to pursue the damage process of 
laminated composite slab under large repeated loading. 
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5.4.3 APPLICATIONS OF INFRARED THERMOGRAPHY 
Infrared Thermography (IT) is a well-established tool in the field of NDT (Non-Destructive 
Testing) and monitoring techniques for investigating deterioration levels of existing 
structures. The IT method was applied for good understanding of debonding phenomenon 
of CFS, because debonding failure has been observed in many experimental investigations. 
The exfoliation conditions of CFS from the concrete surface can be inspected by collected 
temperature (actually, amount of infrared rays) radiated from the concrete surface as shown 
in Figure 5.17......, 18. From the results, IT method may be applicable to inspect the 
exfoliation conditions of CFS from the concrete surface. 
Figure 5.17 Infrared Thermography Testing 
Bonded portion Debonded portion 
25.8 25.4 25.1 
Figure 5.18 Result of Infrared Thermography Te ting (FC-3 Test lab) 
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5. 5 REfROFITDESIGN CONCEPfFORRC BRIDGE SLAB BY CFS 
Retrofit design concept for highway RC bridge lab retrofitted with CFS proposed by 
Hansin Expressway Co, Japan is briefly introduced in this section. Retrofit de ign has been 
developed based on deflection constraint of slab span. 
START 
Output of bending moment from 
specifications for highway bridges (Japan) 
Output of the moment of inertia 10 under unretrofitted beam condition 
which the width is I OOcm and tensile strength of concrete is ignored 
Output of the moment of inertia I(Jorl) of retrofitted beam by 
multiplying stiffness increase coefficient a (Iorl) to 10 
Output of the de(lection 81 after I layer 
ofCFS retrofit 81 = ML21 12£11 
Output of the de(lection 82 after 2layers 
..------t 
of CFS retrofit 82 = ML2 I 12£12 
END 
NO 
* 8a is a specified maximum allowance deflection 
( = L3 I 11.3, here Lis span length) 
Figure 5.19 Retrofit design flow of RC bridge slab by CFS ba ed on deflection constraint 
(From the Committee reports of Hansin Expressway Co, June. 1999) 
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5.5 CONCLUSIONS OF CHAPTER 5 
Based on the experimental results presented herein, the following conclusions can be 
drawn. 
• The fatigue failure of retrofitted slabs mainly occurred by debonding of interface 
between concrete and CFS. This failure pattern indicates that bond strength 
between concrete and CFS is one of the key factors to determine the fatigue life of a 
retrofitted RC slab by CFS. 
• The test slab strengthened by 2layers of T400 CFS lasted more than 5rnillions 
cycles under 3.0times design load, whereas the control test slab without CFS failed 
at about 0.46 millions cycles under the same loading. 
• The test slab retrofitted with 2layers of high-elastic modulus type of HM300 CFS 
had kept the same initial flexural strength even after the application of 3.0million 
cycles of 4.5times design load. Therefore, this amount of application is 
recommended to retrofit of highway bridge slab. 
• Even badly damaged slabs recovered its fatigue strength by the application of CFS. 
Two te t pecimens were loaded up to 50o/o and 90o/o of the failure cycles number of 
control slab·. Then, they were retrofitted by 2layers of T400. After retrofitting, they 
were again loaded by 3.0times of the design load until 2.0million cycles. But, they 
did not fail by fatigue and possessed enough flexural strength even after the 
application of the cyclic load. 





FLEXURAL STRENGTH EVALUATION 
OF A REINFORCED CONCRETE SLAB 
RETROFITTED WITH CARBON FIBER SHEET 
6.1 INTRODUCTION 
Through the recent researches and applications to the damaged infrastructure , Carbon 
Fiber Sheet [CFS] has been successfully played key roles as a feasible reinforcing material 
due to its light weight, high tensile strength and easy application. However, debonding 
failure of RC members retrofitted by CFS has been observed in many experiments. This 
phenomenon indicates that the bond strength between concrete and CFS is considered as 
one of the important factors to determine the actual strength of retrofitted RC members by 
CFS. 
This chapter reports theoretical investigation for evaluating the flexural strength of RC 
bridge slab strengthened with CFS. The estimation of the ultimate strength of a slab is 
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tried under the assumption that the failure occurs when the shear stress mobilized at the 
interface between the concrete bottom and the glued CFS reaches the bond strength. The 
shear stress is evaluated theoretically and the bond strength is obtained by a laboratory test. 
The ultimate flexural strength of the test slabs is obtained by the bending test. The test slab 
is almost identical to the real highway RC bridge slab in terms of concrete quality, the 
amount of reinforcement and the thickness of the slab. 
6.2 PROPOSED ANALYTICAL METHOD BASED ON 
BOND STRENGTH 
6.2.1 STRAIN, STRESS AND CURVATURE IN COMPOSITE SECTION 
Figure 6.1 shows the cross section of a composite member composed of different materials. 
For the analysis of stresses subjected to axial forces or moment on the composite section, 
transformed section analysis can be used. For example, the actual area of layer i can be 
replaced by a transformed area as follows; 
Where, n; is the ratio of elastic modulus ( = E/E0 ) 
E; is the elastic modulus of i-th layer 
E0 is the elastic modulus of reference material of the composite 
cross section 
The po ition of centrQid of the transformed section can be calculated as 
Ill Ill 
X0 = ~ n.d .A. I~ n.A. £..J Ill £..J II 
i=l i=l 
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Centroid position X 
Reference point 0 
(a)Crosssectionshape 
(* Strain distribution is assumed to be linear) 
(b) Strain distribution 
Figure 6.1 Composite section composed of different materials 
If the cross section is subjected to a axial force Nat any point of cross section, this force is 
equivalent to a system composed of axial force Nand bending moment Mat the arbitrarily 
chosen reference point 0, as shown in Figure 6.1(a). 
If a plane cross section is assumed to remain plane after deformation, the strain of any fiber 
£can be expressed as follows, 
Where, £0 is the strain at the reference point 0 and fjl is the curvature 
y is the distance of certain point from the reference point 
y is considered as positive when the point is below the reference point. When the fiber is i-
th layer of the composite section, the stress at the fiber is 
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The axial force N and bending moment M at the reference point 0 can be calculated as 
follows; 
m 111 
N = J adA = E0 LEi J dA + lfiLEi J y dA 
i=l i=l 
m 111 
M = JoydA = E0 LEi J ydA + lfiLEi J y 2 dA 
i=l i=l 
If substitute for Ei = ni E0 , above equations can be rewritten as 
Here, 
Where A, B and I are the total transformed cross section area and its first and 
second moment about an axis through point 0. 
Al o, Ai. Bi and / i are the area of the i-th layer and its first and second moment 
about an axis through point 0. 
If change to the matrix form 
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The above equation can be used to find N and M, when E0 and ljl are known, or to find E0 
and lf/, when N and M are known. 
When the reference point 0 is chosen at the centroid of the transformed section, the first 
moment of area B about an axis through point 0 becomes zero (x = x0). 
Therefore, the stress of i-th layer of the composite section is 
ni (N I A + M · y/1) 
If axial force N = 0, 
6.2.2 ESTIMATION OF THE ULTIMATE FLEXURAL STRENGTH 
A new analytical investigation for evaluating ultimate flexural strength of laminated RC 
slab by CFS is introduced. The estimation of the ultimate flexural strength of a slab was 
tried under the assumption that the failure occurs when the shear stres between the 
concrete bottom and the glued CFS reaches the bond strength. The shear tress will be 
evaluated theoretically in this Chapter and the bond strength was obtained by a laboratory 
test as shown in Chapter 3. The ultimate flexural strength of the test slabs was obtained by 
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the bending test as shown in Chapter 4. 
DERIVATION OF SHEAR STRESS AND FAILURE LOAD 
Debonding of CFS from concrete is actually delamination of epoxy layer from the concrete 
surface. The section of the test slab is divided into RC slab, epoxy resin and CFS as shown 





AI =btc, A2 =btepx' A3 =btc.fs' A.K' Ast 
b t 3 b t ep/ b t cf/ 
I I = l; ' J 2 = ---u-' I 3 = 1z' Isc' I sr 
Y 2 = t c + t epx - X a ' 
d=~ 
I 2 ' 
t cfs 
d 3 = t c + t epx + 2 
Where, Ai i the section area of each material (Asc and As, are the section area of the 
compre sive and ten ile steel), Ii is the moment of inertia of each material, 
x0 i the centroid position of the composite section measured from the top of the 
lab, ni i the elastic modulus ratio of each material to the concrete, 
de i the cover of the re-bar in the com pres ion side. 
Figure 6.2 Analy i of composite lab 
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The centroid position of the transformed composite section measured from the top of the 
slab is 
niAidi + n2A2d2 + n3A3d3 + nsc Asc dc + n.wAs, d 
niAI + n2A2 + n3A3 + n.1cAsc + 11 51 As, 
The moment of inertia of the composite section /0 is 
3 
I a = L ni {li + (Xo- d)2 ~} + [nsc {lsc + (Xo- dJ2 Asc } ]+ [nSf {lSI+ (Xo - d / ASI}] 
i=I 
The shear stress ri and r2 mobilized between concrete and epoxy layer and between epoxy 
layer and CFS can be derived by considering the equilibrium conditions of an infinitesimal 
part dx as shown in Figure 6.2. 
First, the tensile stress in the CFS is 
o cfs = n 3 ( N I A + Mil · y) 
If axial force N = 0, the incremental stress of CFS in the distance dx is 
= n ( dM .l_) = n ( Q . y) 
3 dx I 3 I 
Q dacfs = n3 (- · y) dx I 
Therefore, the incremental tension force dT in the CFS is 
Q (- · y · dx) · dA 
I 
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On the other hand, from the equilibrium of horizontal force 
dT = 1 2 ·b · dx 
Q (- · y)dx·dA = 1"2 ·b·dx I 
Therefore, the shear stress r2 between epoxy layer and CFS can be defined as follows 
and, the shear stress r1 between concrete and epoxy layer is 
ri = _g_ [ n2 Jy2 y dA + n3 Jy3 y dA ] 
Ib y l y2 
Q [n2 Jy2 ydy + n3Jy3 ydy] = n22IQ [y/- y,2] + r 2 
I y l _v2 
Where, Q is the shear force acting to the section, 
n2 and n3 are the elastic modulus ratio of epoxy resin and CFS to the 
concrete, respectively. 
Assuming that failure of the slab occurs when 1"1 = f 8 (=bond strength between concrete and 
CFS obtained by a laboratory test) , the flexural strength of the slab in the above equation 
becomes 
II Q = 2 !J I k II 
Neglecting tep., and (.1~ comparing to Ctc- x0) , 
- 101 -
,.., ,.., 
(y2- - y,-) = (y2 + Y1 )(y2 - Y1) = (2tc - 2x0 + tt'p.r) · tep.r ::::: 2(tc - x0) · tep\ 
and also neglecting Eepx • tep.r comparing to 
k _ 2(tc -Xo) f } Ecfs 
- E lEepx · tepx + Ecfs 'tcfr ::::: 2(tc - Xo) £ · tcfs 
c c 
Then 
Therefore, flexural failure load is 
P=2Q =4fEII(t -x)E ·t 8 c c 0 cfs cfs 
Here, 
Neglecting tep.r and tcfs comparing to (tc- x0) as before 
Where, nsc and nsr are the elastic modulus ratio of compression steel and tension 
steel to concrete 
de is the cover of the steel in the compression side 
A epx and Acfs are the section area of the epoxy layer and CFS 
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EVALUATION OF THE ELASTIC MODULUS OF CONCRETE BY BACK ANALYSIS 
I and x0 are calculated on the assumption that the concrete in tension zone and yielded re-
bar do not contribute to the gross section. It is however difficult to choose the approximate 
value for the elastic modulus of the concrete since the elastic modulus is dependent on the 
strain level which varies with load level and also varies from the place to place in the 
concrete slab. 
The over-all elastic modulus of concrete at the near failure of the test slab is evaluated by 
comparing the flexural rigidity at the initial state EcJo and at the final state EJ both 
evaluated from the deflection at the span center. Where, Eco is the initial tangent of the 
concrete and I is the moment of inertia of the composite slab based on the gross section. () 
E is called as the over-all elastic modulus of concrete in this research. Under the above c 
assumptions, Ec does not differ from Eco so much as shown in Table 6.1. Therefore, the 
elastic modulus may be taken as a constant value in this analysis. 
Table 6 1 Experimental test results of slab specimens 
CFS Test Anchor £ co Ec I a I Xo pexo (N/mm2) (N/mm2) 
2 layers slab -ing X 104 X 104 (cm
4) (cm4) (em) (KN) 
SA-5 PA 3.10 2.74 20710 3130 3.52 161.7 
T300 SA-6 NA 2.95 2.53 20860 3230 3.57 165.6 
SA-7 NA 2.90 2.78 20920 2950 3.44 157.8 
SB-2 PA 3.01 2.84 21090 3820 3.76 189.1 
T400 SB-3 PA 3.13 2.74 20960 3610 3.67 190.1 
SB-4 NA 3.30 3.08 20790 3940 3.80 198.0 
EVALUATION OF BOND STRENGTH ffl 
On the other hand, bond trength f 8 between concrete and CFS (actually epoxy layer) was 
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conducted by a laboratory test and evaluated by two methods as hown in Chapter 3. 
Only two specimens were tested for each case and the gap of the e two data i large. 
Table 6.2 Bond strengthf8 (N/mm2) 
fs by the Method 1 j 8 by the Method 2 
CFS [j~ = Pmcu I 2A ] f d£ [ J B = 0 Ecfs . t cf.\ ( dx) dx / l] 
2 layers Specimen Specimen Average bond Specimen Specimen Average bond 
No.1 No.2 strength No.1 No.2 strength 
T300 1.69 1.23 1.46 1.62 1.14 1.38 
T400 2.16 1.89 2.03 1.63 1.38 1.51 
6.2.3 COMPARISON OF ANALYTICALAND EXPERIMENTAL RESULTS 
The theoretically obtained ultimate flexural strength is compared with the test result. 
Table 6.3 shows the comparison of the calculated strength with the corresponding 
experimental result. The corresponding average bond strength is used in the evaluation of 
the flexural strength. In this table, the result of conventional RC calculation based on 
perfect bond between concrete and CFS is also included. 
Table 6.3 Comparison of the calculated and experimental results on flexural strength 
p eal I p exp p eal I p exp p eal / p exo CFS Test (j8 by the Method 1) (j8 by the Method 2) byRC 2layers slab Calrulatioo fs -No.1 f 8 -No.2 f 8 -ave f 8 -No.1 f 8 -No.2 f 8 -ave 
SA-5 1.41 1.03 1.22 1.35 0.95 1.15 1.47 
T300 SA-6 1.38 1.0 1.19 1.32 0.93 1.13 1.43 
SA-7 1.46 1.06 1.26 1.40 0.98 1.19 1.50 
SB-2 1.49 1.30 1.40 1.12 0.95 1.04 1.50 
T400 SB-3 1.49 1.30 1.40 1.12 0.95 1.04 1.49 
SB-4 1.41 1.24 1.32 1.07 0.90 0.99 1.43 
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It is found that this new method gives a relatively good estimate of the ultimate flexural 
strength of the composite slab compared to the conventional RC calculation where the 
entire section of CFS is considered to be effective. The gap between the calculated value 
Peal and the corresponding experimental value Pexp is considered to arise mainly from the 
unsatisfactory evaluation of the bond strengthf8. 
P caziP exp ~"' 
1.5~ ot::: ot::: ot::: ot::: F F 
F ot::: F 
1~ ~ 1-- 1--F t-F ~ r-
0.5~ ~ 1-- ~ t-- ~ t-
~= ~ r-:- - ~ 1-- ~ 0 ........ ~ ........ ........ = / 
SA-5 SA-6 SA-7 SB-2 SB-3 SB-4 
OMethod 2 1.15 1.13 1.19 1.04 1.04 0.99 
Ill Method 1 1.22 1.19 1.26 1.4 1.4 1.32 
0 RC Analysis 1.47 1.43 1.5 1.5 1.49 1.43 
Figure 6.3 Comparison of the calculated and experimental results 
6.2.4 PARAMETRIC STUDY 
In order to inve tigate the effects of design variables such as, thickness of the CFS, and the 
elastic modulus of CFS on flexural strength of a RC slab retrofitted with CFS, a parametric 
study is performed. In this new analytical method, the flexural strength of a laminated RC 
slab by CFS i influenced by the combination of two terms, one is f 8 term and the other is 
Ilk term, as follows; 
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I Q =2 fe .k Ecrf here, k:::::: 2(t -x )-· · t 
c 0 £ cfs 
c 
Where,j8 is bond strength between concrete and CFS obtained by a laboratory test 
I and X0 are the moment of inertia and the neutral axis calculated on the 
assumption that the concrete in tension zone and yielded re-bar do not 
contribute to the gross section 
tc, tcfs and the Ec, Ec.rs are the thickness and the elastic modulus of concrete 
and CFS 
EFFECT OF THICKNESS OF CFS 
Table 6.4 shows the parametric analysis results on the effect of CFS thickness. The flexural 
strength of a laminated RC slab by CFS is increased with the increase of thickness of CFS. 
Table 6.4 Parametric analysis results on the effect of CFS thickness 
CFS (cfs tc Ecfs Eco I a I Xo k Ilk 
(X layer) (em) (em) (N/mm2) (N/mmz) (cm4) (cm4) (em) (cm2) (cm2) 
T300X 1 0.0167 20360 1680 2.93 4.2 396 
T400X 1 0.0223 20510 2070 3.08 5.6 369 
T300X2 0.0334 20790 2830 3.38 8.2 344 
18 2.50 X 105 2.94X 104 
T400X2 0.0446 21080 3560 3.65 10.8 330 
T300X4 0.0668 21660 4940 4.13 15.6 316 






( T300 x 2 ) 
150 
0.000 0.001 0.002 
t cfs / t c 
0.003 
Figure 6.4 Effect of thickness of CFS to flexural strength 
EFFECT OF ELASTIC MODULUS OF CFS 
The laminated RC slab retrofitted by high elastic modulus of CFS shows a better load 
carrying capacity than high strength of CFS. 
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EFFECT OF ELASTIC MODULUS OF CONCRETE 
The flexural strength of a laminated RC slab by CFS increa es with the increa e in elastic 
modulus of concrete. 
Table 6.6 Parametric study results on the effect of elastic modulus of concrete lab 
CFS f cfs tc Ecfs E co Io I Xo k Ilk 
(2layers) (em) (em) (Nimm2) (N/mm2) (cm4) (cm4) (em) (cm 2) (cm 2) 
2.94X 104 20790 2830 3.38 8.2 344 
T300 0.0334 18 2.50X1ff 3.94X 104 20010 2220 3.04 6.3 351 
4.94 X 104 19540 1830 2.78 5.1 356 
P(kN) 
270 [ T300x2) 




150 (Nimm 2 ) 
0.0£+0 2.0£+4 4.0£+4 6.0£+4 
Figure 6.6 Effect of elastic modulus of concrete to flexural strength 
6.2.5 ITERATIVE ANALYSIS METHOD 
In order to simulate the load-displacement relation of a laminated RC slab, iterative 
analysis was conducted. This method is also constructed based on the same concept as 
already mentioned before section. This method does not ignore concrete tensile strength 
even cracks happened, that is concrete can exhibit its tensile strength in the tension zone of 
composite slab. The iteration technique can be summarized as following flow chart. 
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r ................................................................................................... . 
INPUT DATA 
-Configuration & dimension 
of section 
Material properties 
Increase shear force Q 
Calculate the centroid position X0 
of the transformed composite 
section based on gross section 
m m 
Xo = L nidiAi I L niAi 
i = l i = l 
Calculate the moment of inertia 
of the composite section Iu about 
centroid position 
lo = L{nJi +Ai(di -xo) 2 } 
Calculate the shear stress 'Z1 
between concrete epoxy resin 
NO 
YES 
( STOP l 
Cracks happen 
Increase shear force Q r ----., 
I 
Find the place Co which 
concrete stress ~ becomes fr 
N M 
CJ =E (-+-·C )=f 
c c EA EI o ' 
c c 
Co = I I M (f, - N I A) 
Calculate new depth h 1 
h1 = x0 + Co 







Figure 6.7 Procedure of iterative analysis 
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Table 6.7 Iterative analysis results (Tensile strength of concrete fr=3.25Nimm 2) 
Neural 




(em) (em) (Nimm2) (Nimm2) (em-+) (Nimm2) (Nimm1) (nzm) 
10 9.13 8.87 18.0 20780 0.0063 0.0059 0.19 
20 9.01 8.31 17.32 19950 0.0123 0.0119 0.40 
30 8.83 6.25 15.08 18760 0.022 0.021 0.62 
40 7.90 3.41 11.32 13650 0.044 0.042 1.14 
50 6.48 2.73 9.22 8540 0.109 0.105 2.27 
60 5.82 1.20 7.02 7200 0.176 0.165 3.23 
3.0 X 104 2.8 X 103 
80 5.31 0.83 6.14 6640 0.255 0.248 4.67 
100 5.18 0.66 5.84 6580 0.354 0.344 5.89 
120 5.15 0.55 5.69 6570 0.396 0.386 7.08 
130 4.68 0.41 5.10 5380 0.646 0.630 9.38 
140 4.29 0.32 4.62 4550 0.892 0.870 11.94 
150 3.86 0.24 4.10 3650 1.290 1.260 15.94 
P(kN) e Iterative analysis 
200 Experiment 
~ 






( T300 x 2layers } 
8(mm) 
0 10 20 30 
displacement at the span center (mm) 
Figure 6.8 Comparison of Load-displacement curve 
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6.3 CONCLUSIONS OF CHAPTER 6 
A proposed analytical method based on bond strength between concrete and CFS to 
evaluate the flexural strength of RC slab strengthened with CFS was discussed. The 
following conclusions can be drawn; 
• The proposed method looks feasible to estimate flexural strength of composite 
RC slab retrofitted with CFS. It is found in this study, however that the 
evaluation of the bond strength is the key and that the evaluation of the moment 
of inertia of the composite section in which concrete being cracked and the re-
bar being yielded is also the key. 
• A parametric study was performed to investigate the retrofitting effects of CPS 
on flexural strength of a retrofitted RC slab. From the results, the high elastic 
modulus of CFS shows a significant effect to improve the flexural strength of a 




SUMMAY AND CONCULUSIONS 
SUMMAY OF EACH CHAPTER 
+Chapter 2 
Review of previous researches for structural behavior of strengthened RC members 
by FRP materials is introduced. This chapter also contains a brief review of seismic 
retrofitting techniques and experimental results of viaduct column and beam-
column connections retrofitted with CFS. 
+ Chapter3 
Experimental and analytical investigations on interfacial bond behavior between 
concrete and CFS are discussed. Bond strength between concrete surface and CFS 
(actually epoxy layer) is evaluated by laboratory test. A Finite Element (FE) 
analysis is also developed to simulate the strain distribution along the bonded 
length of CFS. 
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Conclusions 
(1) The failure of bond test specimens mainly occurs by sudden delamination 
of CFS from the concrete surface before reaches its rupture strain. 
(2) The maximum pull load increases as the thickness of bonded CFS 
increases. Also, test specimens bonded by high elastic modulus of CFS 
show better load capacity. 
(3) Finite Element [FE] analysis is conducted to simulate the strain 
distributions along the bonded length of CFS. The FE analysis shows good 
accordance to the experimental results, and also within the scope of this 
bond test, lOOmm length is considered as an effective bond length of CFS. 
+ Chapter4 
Improvement of flexural strength of laminated RC bridge slab by CFS is discussed. 
An experimental investigation was conducted with test slabs under static load. 
Section analysis based on the compatibility of deformations and equilibrium of 
forces and 2-D (Two-dimensional) FE analysis are developed to predict the 
structural behavior of strengthened RC slab. 
Conclusions 
(1) Failure of the test slab occurred immediately after debonding of CFS from 
concrete and crushing of concrete in the compression zone followed at the 
same time. 
(2) The strain level developed in CFS at the failure was much lower than the 
ruptured strain. Therefore, improvement of bond strength between concrete 
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and CFS is expected farther improvement of the flexural strength of 
concrete slab. 
(3) Good anchoring of CFS to the slab surface improved the ductility of the 
retrofitted slab. This fact should be taken into consideration for the 
practical application. 
( 4) The flexural strength of the retrofitted test slab increases in proportion to 
the amount of CFS. Retrofit of the test slab with 2 layers of HM300 CFS 
improved the flexural strength over 2.4 times. 
(5) The section analysis based on the compatibility of deformations and 
equilibrium of forces, and FE analysis results show good accordance to the 
experimental results 
+ChapterS 
Experimental study of flexural fatigue behavior of RC slab retrofitted with CFS, 
particularly under very large repeated loading is discussed. The test slab is almost 
identical to an existing slab of a highway in terms of the amount of reinforcement, 
quality of concrete and thickness of the slab, which is 18cm. Only one directional 
flexural behavior of the slab was tested. 
Repeated loads corresponding to 3.0, 4.5 or 6.0 times of the design bending 
moment were applied to the test slab until failure. Normal type of CFS with 
300g/m2 (T300), 400g/m2 (T400) and high-elastic modulus type of CFS with 
300g/m2 (HM300) were used for the strengthening. 
The test slabs were loaded in dry or wet condition. Some of the test slabs were 
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damaged under the repeated load and retrofitted by CFS, then loaded again to see 
the improvement of the fatigue life. An energy-based damage index is discussed to 
estimate the cumulative fatigue damage of retrofitted RC slab. 
Finally, Infrared Thermography, one of the monitoring techniques in the NDT 
(Non-Destructive Testing) field, and retrofit design concept for existing RC bridge 
slab are also introduced. 
Conclusions 
( 1) The fatigue failure of retrofitted slabs mainly occurred by de bonding of 
interface between concrete and CFS. This failure pattern indicates that 
bond strength between concrete and CFS is one of the key factors to decide 
the fatigue life of a retrofitted RC slab by CFS. 
(2) The test slab strengthened by 2 layers of T400 CFS lasted more than 
5rnillions cycles of the 3.0times design load, whereas the test slab without 
CFS failed at about 0.46 millions cycles under the same loading. 
(3) The test slab retrofitted with 2layers of high-elastic modulus type of 
HM300 CFS had kept the same initial flexural strength even after the 
application of 3.0million cycles of 4.5times design load. Therefore, this 
amount of application is recommended to retrofit of highway bridge slab. 
( 4) Even badly damaged slabs recovered its fatigue strength by the application 
of CFS. The control test slab loaded up to 90o/o of the fatigue life cycles at 
the load level of 3 .Otimes design load endured to additional 2.0million 
cycle of 3.0times de ign load by CFS retrofitting. Therefore, it is still 
significant to retrofit a RC bridge slab by CFS even if it is already heavily 
damaged. 
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(5) Fatigue life of the wet slab under 3.0time of the de ign load increased 
from 0.33rnillions cycles to over 2.0rnillion cycles by the application of 2 
layers of T400 CFS. 
(6) There was almost no clear difference in fatigue life between Normal and 
Perfect anchoring. 
+ Chapter6 
A proposed analytical method based on bond strength between concrete and CFS to 
evaluate the flexural strength of RC bridge slab strengthened with CFS is discussed. 
The evaluation of the ultimate flexural strength of a slab is tried under the 
assumption that the failure occurs when the shear stress mobilized at the interface 
between the concrete bottom and the glued CFS reaches the bond strength. The 
shear stress is evaluated theoretically and the bond strength is obtained by a 
laboratory test. 
Conclusions 
(1) The proposed method to evaluate the flexural strength of a RC member 
strengthened by CFS is expected to give a good estimate of the ultimate 
strength. It is found in this study, however that the evaluation of the bond 
strength between concrete and CFS is the key and that the evaluation of 
the moment of inertia of the composite section in which concrete being 
cracked and the re-bar being yielded is also the key. The accuracy of the 
thickness and the elastic modulus of CFS are also influential. 
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CONCLUSIONS & RECOMMENDATION OF FUTURE STUDY 
The mechanical behavior of RC slab retrofitted with Carbon Fiber Sheet (CFS) under 
static and fatigue loading was investigated. From the whole results of this thesis, the 
following conclusions can be drawn. 
+ Retrofit of the test slab with 2 lavers of CFS improved the flexural 
~ J ;..- ~ a 
strength up to 2.4times. 
+ The_ IT.tCJ!fitte_d RC ~ ~rs of CFS prolonged its fatigue 
~ life up to 5 time_s in ret condit5 and JQ times. in dry condztion 
~ ' uude_r_ a.OJimes ofthe_ des~g oad. 
+ It will be possible to estimate the flexural strength of a RC slab 
retrofitted with CFS bv the proposed analytical method based on 
bond strength between concrete and CFS with accuracy. 
+ Further research concerning the new failure modes such as 
dela!!!:_ingJjgJJ of CFS. evaluation of bond strength and retrofit 
design methodologies 1nust be studied to clarify the mechanical 
behavior of laminated comvosite member and to assure safe 
J :A d 
practical application in construction site. 
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+ Also, studies in nondestructive evaluation methodologies such as 
Infrared ThermographY must be performed simultaneously to 
confirm deterioration and exfoliation circumstances of retrofitted 
structures bvfiber materials, effectively. 
* Carbon Fiber Sheet can be applied to the RC bridge slab as a 
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